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PROCLAMATION 6158 
DECADE OF THE BRAIN 
1990-99 


July 17, 1990 


By the President of the United States of America 


A PROCLAMATION 


The human brain, a three-pound mass of interwoven nerve 
cells that controls our activity, is one of the most magnificent—and 
mystenious—wonders of creation. The seat of human intelligence. 
interpreter of senses. and controller of movement, this incredible 
organ continues to intrigue scientists and laymen alike. 


Over the vears. our understanding of the brain—how it 
works, what goes wrong when it is injured or diseased—has in- 
creased dramatically. However, we still have much more to learn. 
The need for continued study of the brain is compelling: millions of 
Americans are affected each year by disorders of the brain ranging 
from neurogenetic diseases to degenerative disorders such as 
Alzheimer's, as well as stroke, schizophrenia, autism, and impair- 
ments of speech, language, and hearing. 


Today, these individuals and their families are justifiably 
hopeful, for a new era of discovery is dawning in brain research. 
Powerful microscopes, major strides in the study of genetics, and 
advances in brain imaging devices are giving physicians and scien- 
tists ever greater insight into the brain. Neuroscientists are mapping 
the brain’s biochemical circuitry, which may help produce more ef- 
fective drugs for alleviating the suffering of those who have 
Alzheimer’s or Parkinson's disease. By studying how the brain's 
cells and chemicals develop, interact, and communicate with the 
rest of the body, investigators are also developing improved treat- 
ments for people incapacitated by spinal cord injuries, depressive 
disorders, and epileptic seizures. Breakthroughs in molecular gene<- 
ics show great promise of yielding methods to treat and prevent 


Proclamation 


Huntington’s disease, the muscular dystrophies. and the other lite- 
threatening disorders. 


Research may also prove valuable in our war on drugs, as 
studies provide greater insight into how people become addicted to 
drugs and how drugs affect the brain. These studies may also help 
produce effective treatments for chemical dependency and help us 
to understand and prevent the harm done to the preborn children 
of pregnant women who abuse diugs and alec hol. Because there is 
4 connection between the body’s nervous and immune systems, 
studies of the brain may also he!p enhance our understanding of 
Acquired Immune Deficiency Syndrome. 


Many studies regarding the human brain have been planned 
and conducted by scientists at the National Institutes of Health, the 
National Institute of Mental Health, and other Federal research 
agencies. Augmenting Federal efforts are programs supported by 
private foundations and industry. The cooperation between these 
agencies and the multidisciplinary efforts of thousands of scientists 
and health care professionals provide powerful evidence of our na- 
tion’s determination to conquer brain disease. 


To enhance public awareness of the benefits to be derived 
from brain research, the Congress, by House Joint Resolution 174, 
has designated the decade beginning January 1, 1990, as the 
“Decade of the Brain” and has authorized and requested the Presi- 
dent to issue a proclamation in observance of this occasion. 


Now. Therefore, I, George Bush, President of the United 
States of America, do hereby proclaim the decade beginning Janu- 
ary 1, 1990, as the Decade of the Brain. I call upon all public offi- 
cials and the people of the United States to observe that decade 
with appropriate programs, ceremonies, and activities. 

In Witness Whereof, I have hereunto set my hand this sev- 
enteenth day of July, in the year of our Lord nineteen hundred and 
ninety, and of the Independence of the United States of America 
the two hundred and fifteenth. 


George Bush 


[Filed with the Office of the Federal Register, 12:11 p.m., July 18, 1990] 


CONTENTS 


Foreword 
James H_ Billington and Neven E. Hvman Xiii 


Fu Ww and Deosion rv THE ApapTasur Bra 


Antonio R. Damasio and Hanna Damasio 3 


How Sppapic CONNECTIONS FORM I. THI 
DEVELOPING Bra 


Caria J. Shatz 13 


NEUROBIOLOGICAL AND NEL ROPSYCHOLOGICAL STUDIES 
* Lanot act DEVELOPMENT anp DisoRDER: 


Paula Talla] 23 


Baas Prasnory Ornacins of HUMAN 
ABILITIES aND DisaBilTips 


Michael M. Merzenich and William M. Jenkins 37 


IN SeaRCH “© THE MOLPCULES OF Memory 
Roger A. Nicoll 51 


TaKING Memory fro Bris: NEUROTRANSMISSION AND 
PLASTICITY aT SINGLE SyNapTic NeRVE ENpinos 


Richard W. Tsien 61 


Index 79 


x | 


BiMAINIK( PAG 4 


XI/ 


Foreword 


his is the second volume of papers trom a contunuing senes 

at semposia sponsored by the Navonal Institute of Menta! 

Health (NIMH) of the Navonal Insttutes of Health and the Li- 
brary of Congress. Like Newroscience. Memory. and Language. this 
seoond volume. The Adaptable Brain, reflects a creative collabora- 
ven between two distinguished federal agencies. Its publication 
comes af 4 momentous ume in the lives of both institupons 

The National Insutute of Mental Health is marking ats fiftieth 
anniversary during a penod of w g public discussion of 
mental health issues. Our incte.-.9g understanding of how the 
brain functions is producing fun ents) hanges in how we think 
about mental illness. We now rev nat all mental processes 
are nological and that all illnesses that affect thought and behavior 
ulumately reflect some aspect of brain biology gone awry. This rad- 
ical rethinking affects us personally as individuals in relationship to 
one another It also affects us collectively as a nation evolving polli- 
ces that will ensure all citizens weifare and progress. This neural 
hasis of thought. emotion, and behavior, however, is not taken to 
connote biological determinism 

One strand that binds the research in this volume is the 
brain's ability to adapt. The brain is plastic, a technical concept 
More impressively. it is a living and continuously adaptive organ- 
ism, and because each of our brains responds uniquely to millions 
of experiences and stimuli, no two individuals in the world are 
alike. The result is a remarkable potential for human creativity, in- 
vention, and aspiration 

The Library of Congress is, also at the present time, using nev. 
technology to improve and expand its service to Congress and the 
nation. Current initiatives that build upon rapid advances in com- 
puicr storage and software permit the Library to lead the way in 
dissetninating comprehensive information and high-quality content. 


See 
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The Library's ability to inform and to educate is greatly enhanced as 
it uses the global electronics network to provide extraordinary ac- 
cess to its collections and programs. Further information about ele- 
ments of the papers in this volume, for example, is now available 
anywhere in the world at the touch of a few keys. 

The Decade of the Brain is more than half over. More people 
have learned a great deal more about the brain since President 
George Bush signed a proclamation recommended by a Joint Con- 
gressional Resolution to designate the 1990s as the “Decade of the 
Brain.” Yet we are still only at a very early stage in our exploration 
of what there is still to know about this most complex structure. 

The lecture series that the Library of Congress and NIMH initi- 
ated in 1991 has highlighted some of the most exciting and signifi- 
cant research in molecular biology and in neuropsychology, in 
developmental neurobiology, in behavioral genetics and molecular 
genetics, in biophysics and in chemistry, in anatomy, in cognitive 
psychology and cognitive neuroscience, in neuroimaging, in artifi- 
cial intelligence, and in linguistics: all fields in which the brain is 
being studied. The brain’s complexity demands this kind of cross- 
disciplinary approach. 

This second volume recapitulates lectures that occurred be- 
tween 1993 and 1995. The subjects they address reflect ways in 
which our new knowledge is being applied to the treatment of 
some of the most devastating brain disorders. The lectures and pa- 
pers published here thus reflect the perspectives and expertise of 
both the National Institute of Mental Health and the Library of Con- 
gress. Though NIMH directs its resources primarily to the conduct 
and support of brain and behavioral research, it also plays a leader- 
ship role within the federal hiomedical research establishment in 
developing educational programs aimed at keeping the public 
abreast of revolutionary advances in brain and behavioral sciences. 


Although the Library’s primary mission is to respond to requests by 
the Congress and others for answers to immediate questions and 
guidance on specific issues, it also has the capacity and resources 
to examine whole fields that interact with society and have an im- 
pact on the communities in which we live and work. 

We are delighted that this volume—along with other pub- 
lished materials, videotapes, sites on the World Wide Web (NIMH'’s 
home page: http://www.nimh.nih.gov,; the Library's home page: 
http://www.loc.gov,), and public programs—advances that poten- 
tial by disseminating this important information to a wide and in- 
tensely interested audience. 


James H. Billington Steven E. Hyman, M.D. 

The Librarian of Congress Director 
National Institute of Mental Health 
National Institutes of Health 


Artomo R. Damasio is Van Allen Destinguished Professor and head of the 
Department of Neurology at the University of lowa College of Medicine. Born in 
Portugal, he received both his M.D. and his Ph_D. from the University of Lisbon. He 
joined the University of lowa faculty in 1975 and also was appointed an adjunct pro- 
fessor at the Salk Institute for Biological Studies In 1990, he received the William 
Beaumont Prize from the American Medical Associat.on in recognition of his contn- 
butions to medical science through neuropsychological research. 

Over the past decade, Dr. Damasio’s research team has contributed to the 
understanding of vision, memory, language, and decision-making. The laboratories 
that he and his wife, Hanna Damasio, created at the University of lowa are a cemer 
for investigating the neural substrates of mental functions based on neurological le- 
sions. Dr. Hanna Damasio, a neuroscientist, specializes in brain-scanning techniques 
Working with the victims of strokes and accidents, the two doctors have developed a 
number of pioneering theories about how the brain processes language and infor- 
mation 

In his book Descartes’ Error New York: G.P. Putnam, 1994), Antonio Dama- 
sio explores ideas about how emotions are processed in the brain. His 1995 presen- 
tation at the Library of Congress described his experimental neuropsychological 
studies in humans. Dr. Damasio has found that emotion and feeling, the learning 
and recall of factual knowledge, and social behavior are interrelated processes that 
depend on separate brain systems continuously adapting to new stimuli throughout 
the human life span 


EMOTION AND DECISION IN 
THE ADAPTABLE BRAIN 


Antonio R. Daimusio and Hanna Damasio 


he understanding of any living tissue requires investigations 

at multiple levels of structure, from molecules and individual 

cells to ensembles of cells. The nervous system and its cen- 
tral division, the brain, is no exception and is actually more com- 
plex than any other living tissues. Not only are there molecules and 
cells (neurons) to contend with, but the parts of the neurons— 
axons, dendrites, cell bodies—are also important. Moreover, the 
presumed 10 billion neurons of the human brain form circuits at 
multiple spatial scales, all the way from local and microscopic to 
nonlocal and macroscopic. Some of the latter actually span the en- 
tire brain and are called large-scale systems. 

Understanding the brain's function is indispensable to the un- 
derstanding of mind (cognition) and behavior, and understanding 
the brain’s function also is essential to managing effectively neuro- 
logical and psychiatric diseases. Such understanding requires multi- 
ple scientific efforts applied to all levels of brain organization. In 
other words, we cannot fully understand learning and memory with- 
out knowing what goes on—in terms of the interaction of mole- 
cules—at the level of axons, dendrites, and the synapses they form. 

Some of these interactions are controlled by genes. Knowing 
that gene expression is required for, say, consolidating a particular 
memory will not, however, tell us which large-scale systems are 
necessary to construct or retrieve that memory in the brain. In 
short, if we are to make sense of what the 10 trillion synapses our 
neurons form are up to, we need to know it all. 

Until quite recently, the most successful efforts to under- 
stand brain function focused on cellular and subcellular levels of 
oiganization. The techniques available to approach those levels 
were more advanced than the ones available for the large-scale sys- 
tems more closely linked to the mind phenomena that make us 
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Figure 1. Example of the reconstruction of the human brain of a living normal 
person. The reconstruction used the technique known as BRAINVOX developed 
by Hanna Damasio and Randall Frank and is based on the computer manipulation 
of raw data from high resolution magnetic resonance scans. From the Human 
Neuroanatomy & Neuroimaging Laboratory, Department of Neurology, University 
of lowa College of Medicine 


human. That situation has changed with the advent of powerful 
new techniques that allow us to approach those higher order sys- 
tems not just in animals but also in humans. Some of these tech- 
niques, such as magnetic resonance imaging (MRI), have helped 
redefine the lesion method, whereas positron emission tomography 
(PET) and functional! MRI (fMRI) permit us to catch the normal 
human brain on the tly, as it were, and get a more dynamic 
glimpse of its workings. Together with developments in cognitive 
science and theoretical neuroscience, these new techniques enable 
us to carry out a basic science effort in humans. The effort com- 
pletes and extends traditional clinical research in both neurology 
and psychiatry (figure 1). 

Adaptive human behavior requires innate knowledge that 
depends on both genetic instructions and real-life interaction during 
development; it also requires knowledge about novel situations that 
is acquired as life goes on, long after the basics of development aie 
complete. The result is a constant change in brain circuitry that en- 
ables us to record new aspects of the ongoing interactions between 


Emotion and Decision in the Adaptable Brain 


organism and environment. The result is also a constant remodel- 
ing, at least in part, of the circuitries as they existed before a new 
interaction. 

To illustrate what we mean, we will describe a task devel- 
oped by one of our collaborators, Antoine Bechara. A player, who 
can be either a normal individual or a neurological patient, sits in 
front of four decks of cards similar in appearance and size and is 
given a $2,000 loan of facsimile U.S. bills. The player is told that the 
task requires a series of card selections, one card at a time, from 
any of the four decks. 

After turning each card, the player receives some money, the 
amount of which is announced only after the iurning and varies 
with the deck. After turning some cards, the player is given money 
and asked to pay a penalty: again, the amount is announced only 
after the card is turned and varies both with the deck and the card's 
position in the deck according to a schedule unknown to the plaver 

The player is told that the goal of the task is to maximize profit 
on the loan of play money and he or she is free to switch from any 
deck to another at any time and as often as wished, but the player is 
not told in advance how many card selectuons must be made. (In fact, 
the player is stopped after making 100 card selections. ) 

Turning any card from deck A or deck B pays $100; turning 
any card from deck C or deck D pays $50. The ultimate future yield 
of each deck varies, however, because the penalty amounts are 
higher in the high-paying decks (A and B), and lower in the low-pay- 
ing decks (C and D). For example, after turning ten cards from deck 
A, the player has earned $1,000 but also has encountered five unpre- 
dicted punishments costing $1,250, thus incurring a net loss of $250. 
The same happens if the player selects from deck B. In contrast, turn- 
ing ten cards from decks C or D earns the player $500, but the total 
unpredicted punishment is only $250. thus yielding a net of $250. 

In short, decks A and B are equivalent in terms of overall 
net loss over the trials. The difference is that in deck A the punish- 
ment is more frequent but of smaller magnitude, whereas in deck B 
the punishment is less frequent but of higher magnitude. Decks C 
and D are equivalent in terms of overall net loss. In deck C, the 
punishment is more frequent and of smaller magnitude, whereas in 
deck D the punishment is less frequent but of higher magnitude. 
Decks A and B are thus “disadvantageous” because they cost the 
most in the long run, and decks C and D are “advantageous” be- 
cause they result in an overall gain in the long run. 

This task is a lot like life: there is complete uncertainty as to the 
outcome, and the rules of the game are acquired gradually by experi- 
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Figure 2. Graph showing the results of averaging of skin conductance responses, in 
twelve normal subjects, during the gambling task described in the text. There is a 
gradual increase ‘> the skin conductance responses (SCR) to the bad decks (decks A 
and B) during |. anticipatory period. The good decks do not lead to a buildup of 
skin conductance responses. 


ence. One's acquisition of such knowledge is, however, influenced by 
the intrinsic values of the system: for example, one’s preference of gain 
over loss, one’s sense of the worth of money, and so on. 

How do normal people behave at this task? They begin by 
sampling from the different decks, searching for clues as to how 
they should decide. At some point within the first twenty card 
choices, normal players begin to prefer decks C and 1D. At that 
point, they still have no concept of the structure of the task and 
thus are not making a conscious decision regarding goodness and 
badness. Yet they persevere in their advantageous choice. At some 
point beyond halftime, their choices become deliberate and con- 
scious, and the players are fully cognizant of the secrets of the 
tasks—C and D, but not A or B. 

Now consider what happens when—in addition to the be- 
havior measures concerning deck choice, gains, and losses—we 
also measure a physiological indicator of the player's behaviors; we 
continuously can monitor, for example, skin conductance resistance 
while the subject is playing. 

Figure 2 shows the result of averaging skin conductance re- 
sponses (SCR) for twelve normal subjects during the period just be- 
fore their actual selection of a card, that is, just as they are 
reasoning and making their decisions. 
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The results demonstrate clearly that long before the player is 
cognizant of the rules of the game, the player's brain is generating 
a powerful signal that closely correlates to the value of the decks. 
That is, the brain—but not yet the mind—is learning about the rela- 
tionship between certain objects in the world (decks A and B) and 
the negative value of those objects. This is a palpable example of 
learning, of plasticity, of adaptation to circumstances, of the gradual 
acquisition Over time of information that can be used noncon- 
sciously (or eventually consciously) to steer behavior that is con- 
ducive to survival. 

What systems in the human brain support this kind of learn- 
ing? Is this the kind of learning that depends on the hippocampus, 
as does the learning of a new face or a new name, or a different 
place in the brain? 

In fact, the nonconscious acquisition of this linkage depends 
critically on some cerebral cortices in the frontal lobe and a set of 
subcortical nuclei in the depth of the temporal lobe known as the 
amygdala. How do we know this and what does it mean? 

Patients with damage to the ventral and medial part of the 
frontal lobe develop a most intriguing condition. Despite previously 
normal personal and social behavior, and despite preserved intelli- 
gence, language, and motor abilities, they become unable to make 
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Figure 3. This graph is equivalent to the one shown in figure 2 but ts obtained from 
the averaging of seven patients with damage to the frontal lobe. There is no buildup 
of skin conductance response (SCR) signal to the bad decks 
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personal and social decisions that are adaptive and in their best inter- 
est. That is, they behave in a sociopathic way. This does not mean 
that they become criminals; they are different from developmental 
sociopaths, who are never able to reach appropriate decisions. 

What mechanism, then, leads them to those wrong decisions 
despite their knowledge and intelligence? In par, these patients 
have lost the ability to change adaptively in new circumstances, to 
learn the kind of information that should guide their behavior. This 
is demonstrated in figure 3, which shows that unlike the normal in- 
dividuals, patients with ventromedial frontal lobe lesions fail to ac- 
quire that covert nonconscious signal concerning the “goodness” 
and “badness” of the decks. As a result, their performance is pro- 
foundly abnormal. 

This signal, an autonomic reaction, is a part of the set of re- 
sponses we call an emotion, and thus a partial basis for what we 
call a feeling. Not only do the patients fail to have this autonomic 
response during the anticipatory period of the task, they also fail to 
exhibit emotion in most circumstances in which a given personal or 
social situation would trigger such a reaction in most other mortals. 

In other words, the problem that these individuals have with 
decision-making well may be related / the following: 

¢ an inability to change dynamically vis-a-vis the task situation 

¢ a consequent lack of production of a class of responses that 

can signal such changes. 

That class of responses—which we call bioregulatory— 
includes autonomic discharges as well as emotions as a whole. 

This finding, along with related findings regarding both nor- 
mal people and patients with damage in specific neural systems, is 
helping us construct a neurobiology of rationality at the level of 
large-scale systems. We know, for instance, that the amygdala is 
necessary for this system as are structures in the brain core—the 
hypothalamus and brain stem—and selected parts of the so- 
matosensory system. 

Most importantly, these findings show that reasoning and 
deciding cannot be conceived along the traditional rationalist view 
that separates reason from emotion. On the contrary, reasoning and 
deciding both require the processes of biologic regulation. Both 
Skin-Conductance-Responses waves and emotions such as fear are 
expressions of that biologic regulation without which no survival is 
possible. In other words, the most complex processes of the mind, 
reasoning and creativity, cannot be separated from biological 
processes. 
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This is an example of plasticity at the level of a large-scale 
neural system in humans. We have demonstrated how adaptation to 
circumstances in the environment, filtered by previous experience 
and a previous value system, lead to changes in function over time. 
Those changes can be related to a particular neural system, some 
components of which have been identified. The system is impor- 
tant for the understanding of personal and social behavior from a 
neurobiological perspective. 

There are several implications of these findings. First, since 
biological regulation, in general, and emotion, in particular, can 
play a role in the process of reasoning and deciding, the trivializa- 
tion of emotion to which children are subjected is probably delete- 
nous both to their brains and behavior. Second, it suggests that 
when designing educational strategies for children, relying too 
much ca logical programs may not be the correct approach. In 
other words, educational strategies may have to take into account 
the fact that emotion does play a role in decision-making. 

From the point of view of health management and policy. 
these findings help us focus on systems of the human brain that are 
probably dysfunctional in a class of psychiatric patients knowr as 
developmental psychopaths or sociopaths. It may well be that these 


patients, though they do not have damage of the type found in the 
neurological patients to whom we alluded above, may have pro- 
found abnormalities in the systems we have identified, perhaps at 
the level of neurochemical transmission and modulation. 
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Carla |. Shatz graduated from Radcliffe College in 1969 wah a BA. in chem- 
miry. Nhe was honored wath a Marshall Scholarstup to study at University College 
London, carming an M.Phil. in physiology in 1971. In 1976, she received her Ph.D. in 
neuratsology from Harvard Medical School, where she was appointed a Harvard Ju- 
mor Fellow She studied wah Nobel laurcates David Hubel and Torsten Wiesel 
From 1976 to 1978, she held a postdoctoral position im the Harvard Medical School 
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In 19°, Dr Shatz mowed to Sanford University and began her studies of the 
development of the mammalian visual system as a member of the Deparment of New 
rolsalogy, in 1989. she was named professor of neurobiology. Three vears later, she 
mowed her laboratory to the Deparment of Molecular and Cell Biology at the Univer- 
sity of Calornia—Petkelcy, where she ts Class of 1943 Professor of Neurobiology 

In her 1995 presentation at the Library of Congress. Dr. Shatz considered 
three fundamental questions that motivate the research mm her laboratory 

© How ts the bram wired up dunng development’ 

© How do nerve cells know where to grow their connections’ 

© To what extent & vision neccesary for the vewal system to develo» normally’ 

She then described the sequence of developmental events that occur, dur- 
ing both prenatal and postnatal life, to give rise to the adult wiring of connections 
hetween the eye and the brain in the mammalian vesual system: One significant con 
Cusson: our studies of nerve cell signaling dong development and the role of sig- 
naling in forming normal adult connections have direct relevance to the clinical 
topacs of neur dogical birth defects and abnormal visual function 


HOW SPECIFIC CONNECTIONS 
FORM IN THE 
DEVELOPING BRAIN 
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ndividual brain cells respond to very specific visual stimuli. How 

the brain early in development establish connections among 

its billions of neurons that result in such remarkable specificity 
for visual stimuli and other sensations? 

The functioning of the adult brain is so precise that nothing, 
it seems, has been left to chance. David Hubel and Torsten Wiesel 
demonstrated in the 1960s, however, that there is a period soon 
after birth when chance can play a role in its development. The 
patterns of a young animal's experience influence how the brain 
develops. This influence is seen most dramatically in such abnor- 
malities as cataracts or crossed eyes, both of which profoundly alter 
visual experience. 

Many forms of neurological defect have no explanation. The 
brain looks normal, but it does not function correctly. The problem 
often lies in abnormal patterns of connections among the billions of 
nerve cells. Although some brain connections are formed in early 
childhood, a large proportion are established before birth. And 
some brain abnormalities, such as cerebral palsy, also are thought 
to occur before birth. It is essential, therefore, to understand how 
the brain establishes connections before, as well as after, birth. 

A major question in studying the visual system is how the 
brain takes each of the two eye’s separate views of the world and 
combines them in.o the single image we normally experience. 
Thanks to the pioneering studies of Hubel and Wiesel, this type of 
connection is well understood. 

A set of nerve cells (composed of approximately one million 
neurons called retinal ganglion cells) extends connections from the 
eye to enter the brain at the relay station called the /ateral genicu- 
late body, as shown in figure 1. This relay station is the first place 
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Figure 1 (/Up). Diagram of neural connections in the visual system. The output 
neurons of the eye, the retinal ganglion cells, send their connections to the lateral 
geniculate body, the first place where inputs from the two eyes meet. Inputs from 
the two eyes are not mixed with each other but rather stacked in a series of 
alternating eye-specific layers. The neurons of the lateral geniculate body, in turn, 
send their connections to the primary visual cortex in the back of the brain. 


Figure 2 ( bottom). Tracing the connections between the eye and lateral geniculate 
body using a nontoxic dye. The dye is injected into one eye and travels down all the 
connections from ganglion cells in that eye to their terminals within the geniculate; 
the dye appears bright white or pink and in the adult (A) is only present in the 
layers receiving input from the injected eye. Note that in the embryo (B), the dye is 
everywhere because layers have not yet formed. 
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where information received from the right eve and from the left eve 
come together. 

Neuroscientists have demonstrated that in the lateral genicu- 
late the inputs from the nght and left eves are not mixed together 
randomly; rather they show a strict order. which is typical of all! 
brain organization. One aspect of that order is that the inputs from 
the eves are grouped into a set of eye-specific lavers that are 
stacked alternating the eve of input origin, as shown in figure 2. 
That is. a layer receiving input only from the left eve sits on top of 
a layer receiving input only from the right eve. which sits on top of 
a layer receiving input only from the left eve. and so on. 

How does this kind of pattern—a stack of layers—evolve 
during development’ It is helpful to envision the ganglion cells 
long extensions, or processes, as phone lines extending between 
two cities. One eve might be Boston and the lateral geniculate the 
distant city of New York. Telephone wires must be connected be- 
tween a million or so phones in each city without making erro- 
neous connections to Providence or Albany. In the adult nervous 
system, unlike the telephone system, not every caller from Boston 
can reach every phone number in New York. Callers from the right 
eve can reach only locations in alternate lateral geniculate lavers. 

In the earliest stages of an animal's development. the eves 
are not even connected to the brain. The sheet of cells that is going 
to form the nervous system rolls up into a tube on approximately 
the twenty-fifth day of human embrvonic life: then the tube starts to 
bulge and individual parts of the system. including the eves and the 
brain, begin to form. The retinal ganglion cells are created in the 
embrvonic eve: the lateral geniculate cells are generated in a struc- 
ture called the diencephalon, which is many cell-body diameters 
away trom the eve 

Work by Corey Goodman and Thomas Jessel has demon- 
strated that the long outgrowths of a nerve. called a@xons, grow 
along the correct path and precisely select their correct target. The 
ups of growing axons sense specific molecules on the surfaces of 
cells located along the path, or molecules released from these cells. 
Once at the lateral geniculate. the ganglion cell axons array them- 
selves so that cells located near one another in the retina contact 
neighboring cells in the lateral geniculate. The ganglion cells tend 
to follow the same route and end up gi suped together in cables re- 
sembling the trunk lines of the telephone system. 

The trunk lines of axons are formed early. In the human 
brain, the connections from the eve to the lateral geniculate nucleus 
are established by the end of the second trimester. The next set of 
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visual system connections, however, from the lateral geniculate 
body to the primary visual cortex at the back of the brain (see fig- 
ure 1), are formed only partially at birth. Thus there is a period of 
ume after birth when visual experience can influence the formation 
of those connections. 

Not only do connections have to form in ulero from the eye 
to the iateral geniculate, but they have to link each eye with the ap- 
propriate layers. It is as if phone lines from one part of Boston 
must end up n New York’s Upper East Side, whereas phone lines 
from another part of Boston end up on New York's Lower West 
Side. There is great precision in the eye-brain connections. 


The Mechanisms of Development 

There are several mechanisms whereby such precision 
might be achieved during development. Let's consider, for example, 
an analogy with computers. The precise connections within a com- 
puter depend on the manufacturer following a complex circuit dia- 
gram. One could conceive similarly of a biological blueprint: the 
genes would specify each connection between every nerve cell in 
the eye and every nerve cell in the lateral geniculate and, for that 
matter, among all the billions of nerve cells in the entire nervous 
system. The blueprint would include the connections from the ear 
into the part of the brain that is involved in hearing, from the fin- 
gers to the part of the brain that is involved with touch, and all the 
connections among the different areas within the brain. If this anal- 
ogy were correct, the brain would wire itself during development 
by taking all of the various component parts, consulting the circuit 
diagram, and hooking them into the adult pattern. Then, at the fig- 
urative flip of a switch, the brain would begin to function. 

Although the analogy with computers is appealing, many 
detailed studies examining brain development in animals indicate 
that biology does not work that way. Neuroscientists were greatly 
surprised to learn that the brain does not initially wire itself accord- 
ing to the adult circuit diagram. Brain activity, moreover, does not 
begin with the flipping of a switch. In fact, the brain must be active 
as the connections are forming; it must be functioning in order to 
wire itself, 

This alternate image of brain development again derives 
from animal studies, because it is extremely difficult to study con- 
nections in the human brain. Neuroscientists have injected a tracer 
into one eye of fetal monkeys and cats and determined that the lat- 
eral geniculate layers are not present early in development. The 
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first connections between eve and lateral geniculate make a diffuse 
pattern rather than forming lavers. At the earliest stages, both eyes 
make connections all over the target structure. Later the connec- 
tions are remodeled to remove the left-eye input to the nght-eye 
layers and the nght-eve input to the left-eye layers. 

This modification of winng during development ts an impor- 
tant discovery. It has extensive clinical implications: brain wiring 
can go awry during development not only by abnormalities of 
nerve cells and failure of connections to form, but also by a failure 
of the remodeling process 

How does this remodeling occur? How does a brain deter- 
mine which connections to maintain and which connections to re- 
move’ Again consider the analogy of phone lines in New York City 
In development, wires from phones in all areas of Boston initially 
would be strung all over New York. One way of learning more 
about the phone connections would be to eavesdrop on some of 
the lines and determine who is talking to whom. Neuroscientists 
are using microelectrodes to eavesdrop to learn which fetal nerve 
cells are sending signals to which others 

This technique shows that the cells are sending signals to 
verify which sets of connections are appropriate and which sets are 


inappropriate. It is as if initially phone calls were being placed all 
over New York simultaneously, so that if you tned to call your 
grandmother who lives on the Upper East Side, the phone would 
ring in her apartment as well as in hundreds of others all over the 
city. With each call vou make. however, some of the inappropriate 
connections would be removed, so vou would get fewer and fewer 
wrong numbers. The fastest way to improve the phone system 


would be to use an automatic system to keep dialing your grand- 
mothers number again and again 

In the brain. the equivalent to a phone call is the electrical 
signal sent along one ganglion cell from the eve to the lateral 
geniculate body. Does the nervous system really use some sort of 
automatic dialing in order to correct the original pattern of connec- 
uons when it remodels’ One way to answer that question experi- 
mentally is to stop the nerve cells’ signaling by administering 
nontoxic drugs that block nerve cell activity 

David Sretavan, Michael Stryker. and | implanted in utero cat 
embryos with miniature pumps containing the drug tetrodotoxin 
just before the ume at which lateral geniculate layers normally 
begin to form in the fetus. The drug temporarily blocked the flow 
of nerve signals from eve to brain and consequently the normal lay- 
ers of the lateral geniculate failed to form. In an animal in which 


Caria J Sbatz 


drugs stopped the signaling for two weeks, the connections from a 
single eye remain extended all over the geniculate area, rather than 
separating into layers of only left-eye or only right-eye connections. 

This type of anima! experiment has implications clinically for 
humans. In utero, drugs of abuse might block this dialing process; 
for instance, neuroactive drugs such as heroin or cocaine might in- 
terfere with the dialing and lead to the persistence of connections 
that normally would have been eliminated during development. In 
the phone system analogy, it would be as if the connections were 
established from one city to the other but the connections remained 
imprecise. Every time you try to call your grandmother, in that case, 
you call many other people as well. 

How are the phone calls being placed? The remodeling of 
connections in the human lateral geniculate occurs before the end 
of the second trimester. Although some light can reach the fetus, 
the light-detecting cells—the rods and cones—are not yet present 
in the retina, so no actual vision is possible. The signals going from 
the eye to the brain, then, cannot be the result of light hitting pho- 
toreceptors. What seems to be happening is that there is automatic 
dialing occurring. 


Figure 3. Six snapshots of nerve cell signaling during development. In each 
snapshot, the large black dots represent nerve cells in the eye that are sending 
signals to the geniculate at that moment, the small black dots are silent nerve cells. 
Each snapshot takes half a second. With each successive snapshot, different nerve 
cells are active, as if a wave of activity sweeps across the eye during the entire four- 
second recording period 
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Neuroscientists are studying this auto-dialing process by re- 
moving small pieces of the fetal brain of mice. ferrets. and cats. The 
cells in this tissue can be kept active in a dish supplied with oxygen 
and other chemicals for ten to twelve hours, long enough for scien- 
tists to measure the signals that some of the nerve cells send to oth- 
ers. A new invention by Jerry Pine and his colleagues at the 
California Institute of Technology allows scientists to determine the 
activity of one hundred nerve cells at once. These new electrodes 
have been used to record all the nerve signals sent by one hundred 
of the retinal ganglion cells that carry information from the eve to 
the brain. 

This technique, applied during fetal development, can provide 
a representational snapshot of how these nerve cells are sending 
signals. Are they firing randomly? The answer turns out to be far 
more interesting. Neighboring nerve cells in the eve fire at approxi- 
mately the same time, the equivalent of a neighborhood phone-di- 
aling frenzy: then cells in the next neighborhood become active. 
Eventually a wave of signaling sweeps across the retina, as shown 
in figure 3. After a wave of activity, the retina rests for about two 
minutes and then another wave is produced. 

In the fetal eye in utero, these waves of activity Occur Over 
and over for weeks, but they are only present before the eves 
begin to work. Once the eyes open, vision provides input to the 
cells, and these automatic waves disappear. 


Cells That Fire Together Wire Together 


How might the pattern of waves of activity help the brain 
remodel its connections? A recent theme in neuroscience is “cells 
that fire together wire together.” Think again in terms of New York 
telephones. Consider two neighbors who place calls at the same 
time causing two phones elsewhere to ring simultaneously. The 
connection of each of these callers to the recipients would be 
strengthened. A caller in a different part of the city might also place 
a phone call at the same time, but no other neighboring phone 
would be ringing, so the connection would not be strengthened. 
The timing of signaling and the neighborhood properties of brain 
activity are essential for remodeling the early connections into the 
adult pattern. 

Although the studies I have described focus on the visual 
system, the process is likely to occur in other areas of the brain as 
well. It is a general mechanism that could produce a precise pattern 
of connectivity in any brain area. There is already preliminary evi- 
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dence of spontaneously generated signaling in the ear in utero be- 
fore the fetus can respond to external sounds. 

The fetal brain in development is not a miniature version of 
the adult brain. It is very different from the adult brain, but through 
a dynamic set of processes that require neural activity, the develop- 
ing brain remodels itself to produce the adult pattern of connec- 
tions. Some of the changes occur in utero and some soon after birth. 

Why does the nervous system have such a complicated pro- 
cedure for setting up and then remodeling the connections on the 
basis of automatic activity patterns? The likely answer is that there 
are not enough genes in the whole genome to give rise to the pre- 
cision of connections that are present in the adult brain. In the vi- 
sual cortex alone are more than a million connections. The brain 
uses the genome to set up a very basic framework of connectivity 
and then uses correlations in nerve cell activity to refine these con- 
nections into a final pattern. 

A challenge for neuroscientists is to figure out the genetic 
rules that underlie the remodeling procedure. What information is 
present in the DNA, and what other molecules are required? 

The clinical importance of the findings thus far is the realiza- 
tion that processes long before birth are crucial to the formation of 
normal connections in the brain. Anything that could disrupt this 
signaling between nerve cells could have profound implications for 
brain wiring and subsequent function of the brain after birth. Fur- 
ther studies might reveal how drugs of abuse can perturb the 
wiring of the nervous system and give rise to profound learning 
disabilities after birth. 
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Paula Tallal, professor of molecular and behavioral neuroscience, ts codirec- 
tor of the Center for Molecular and Behavioral Neuroscience at Rutgers, State Univer- 
sity of New Jersey, where she has been on the faculty since 1988. She recenved her 
B.A. degree from New York University in 1969 and her PhD. trom the Department 
of Experimental Psychology at Cambndge University in 1974. From 1974 to 1979, Dr 
Tallal was on the faculty of the Johns Hopkins School of Mediome In 197. she 
joined the faculty of the University of California-San Diego. where, in 1986. she was 
named professor of psychiatry 

Dr. Tallal’s presentation at the Library of Congress im 1994 described twenty 
years of studying rapid temporal processing deficits in languageampaned and read 
ing-impaired children. Her research has demonstrated that Sowed temporal process 
ing directly interferes with adequate perception of those speech sounds 
characterized by very rapid acoustic changes that must be processed @ speech i to 
he perceived accurately. These studies not only have broad implications tor under 
standing the etiology of developmental language and reading disorders, but they 
also have raised fundamental questions peraming to how the brain develops spe- 
cialized speech processing in the left hemisphere. This research provides a new ani- 
mal model for studying nonverbal temporal processing, which in turn enables 
scientists to investigate many basic aspects of the neurobiology of sensory processes 
that may be precursors to speech development. Dr. Tallal was the first to propose 
and demonstrate that a difficulty in understanding rapidly Changing speech frequen- 
cies is the fundamental source of language problems in children with specific lan- 
guage learning impairment. She now collaborates with Dr Michael Merzenich (see 
next chapter) in developing new traming techniques to speed sound-processing and 
improve language skills in children with specific language impairment 
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f the 67 million children in the United States, estimates are 
Cis approximately 10 percent have a language-based 

learning disability. There are many known causes of devel- 
opmental speech delay or language delay (or both combined). Lan- 
guage delay can result, for example, from general mental 
retardation, hearing loss, motor impairment, or neurological disor- 
ders such as seizures or autism. There are also children who have 
none of these probleras but fail to develop language at or near the 
expected age. Such developmental language impairment of un- 
known origin has come to be called derelopmental dysphasia or 
specific language impairment (LU). 

Longitudinal research studies that have followed the develop- 
ment of LI children from their preschool through elementary school 
years have shown a striking relationship between early language im- 
pairments and subsequent academic achievement disorders, specifi- 
cally reading impairments (developmental dyslexia). Thus, children 
with developmental language impairment are at exceptionally high 
risk for developing learning disabilities that potentially can lower 
their success and productivity throughout their lifetimes 

Given the high incidence of this serious developmental dis- 
order and its negative impact on all other aspects of a child's devel- 
opment, one would expect that understanding the causes of this 
disorder would be of high priority to our nation. In fact, as these 
excerpts from a letter | received reveal, this has not been the case 
This grandmother describes poignantly the current state of the an 
contronting most LI children 


Tommy was born in 1986... He developed normally in 
every way—but at age two we began to realize he had a 
language delay He made crude sounds, but spoke barely an 
intelligible word His pediatrician said not to worry But 


as time went along and “normal” speech did not develop, 
ather professionals were consulted: nose, ear, throat special- 
im... pediatnc neurologist... . So, at approximately two and 
a half Tommy was enrolled with his first speech profes- 
sional—a nice lady wath a master’s degree. For whateve: it's 
worth, he was labeled “dysphasic” and seems to be left- 
handed 

At nearly six years old, Tommy is now working with his 
third “nice lady” wath a master’s degree and... the progress 
is so painfully slow. The truth is no one except five peo- 
ple—his mother, father, 8-year-old sister, current therapist 
and pre-school teacher (who was his first’ therapist)}—can 
understand what he says. No. not even me, his grand- 
mother, He is big for his age and looks 7 of 8. He turns 
heads at the mall with his unusual, strange. chythmic. primi- 
tive sound pattern. It is very, very sad. He couldn't even tell 
someone his name and address @ lost at the mall. This poor, 
handsome, precious lithe boy. What will become of him? 
Who will understand and be able to help him?’ 

... We have explored every lead. Every time we see 
something in print we write or call. We get so many trite re- 
marks, such as, “Do you read to him? Maybe his sider talks 
for him. Maybe he doesn't have to talk. Maybe you should 
take him to Mayo Clinic” (or whatever famous medical cen- 
ter isn't in Oklahoma). Or, sometimes we receive pamphicts 
on the physiology of the brain 

When | taught kinderganen years ago, | used to read the 
children the story “Nobody Listens to Tommy.” It was a fa- 
vorte. And now the words of that tit seem prophetic. A 
wondertul lth hoy wants to be heard. 


There are millions of children like Tommy. The research in 
my laboratory ts focused on understanding what causes their lan- 
guage problems. it is our perspective that until we do the research 
necessary to work out the underlying ctiology of language and 
learning disorders, we will not have the foundation of knowledge 
critical for developing more directed and effective carly diagnosis 
and treatment procedures. Fortunately, by using neuropsychological 
and neuroscience research approaches, we have made considerable 
progress in understanding the nevrnugnitive and neurobiological 
hasis of developmental language and reading disorders 


Neurobiciogical and Neuropsychological Studies 


The Role of Rapid Temporal Integration Mechanisms 


The primary tenet of my research is that higher cognitive 


functions are built upon more basic underlying ncurobiological 
processes. If we are to bndge the gap between neurobiology and 
behavior, however, we must understand the fundamental compo- 
nemts and mechanisms of cognitive processes at the behavioral 
level at keast as well as we understand neurobiological processes at 
the molecular and cellular level 

| have focused aw research on investigations of the neu- 
robehavioral basis of speech and language processing. Because 
studying cognitive dysfunction provides a unique window through 
which more basic neurobehavioral mechanisms can be elucidated, | 
began my research by studying children wath a severe developmen- 
tal language impairment. Following the data derived from a system- 
atic progression of studies over the past twenty vears has led me to 
propose a global nceurobologweal theory centering on the preemi- 
nem role of rapid temporal integration mechanisms for speech pro- 
cessing, as well as left hemisphere specialization for language 

I began my research in 1970 as a graduate student in experti- 
mental psychology at the University of Cambndge 1 was interested 
im understanding the neural basis of severe deficits both in phono- 
logical (speech) perception and production which characterized 
children with developmental language impairment. | reasoned that 
before studying language processing, « would be important for me 
to assess the integrity of the Component acoustic processes critical 
to analyzing the complex acoustic wave form of speech. | devel 
oped a novel research paradigm to investigate systematically the 
critical stages of central auditory processing in young children 

Using this paradigm we found that LI children required sig 
nificantly more processing time both to discriminate and to se- 
quence auditory stimuli.’ Subjects were operantly conditioned to 
detect. discriminate, and serially recall varied sequential presenta- 
tons of discrete stimuli and to respond by pressing panels on a re- 
sponse box in the order corresponcong to stimulus presentation. LI 
children and matched controls were tested with these procedures 
using (wo ~S-milliseoond steady-state, complex tones differing mm 
fundamental frequency. In trials in which more than one tone was 
presented, the mter-stimulus-interval (ISD) was varied between & 
and 4,062 milliseconds 

Figure | demonstrates that there were no significant differ- 
ences between the performance of LI and control children on a 
sultest when the IS) was 428 milliseconds of longer. The perfor- 
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Figure leg Language-mpawed chadren require more processing time, measured 
m mullscconds, to discnmenate and sequence auditory stimuh 
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mance of the LI children, however, deteriorated rapidly with shorter 
ISis. No LI subject reached a criteria of 75 percent correct at a 150 
millisecond ISl or shorter. In contrast, all controls were able to 
reach 75 percent correct at ISIs of 8 milliseconds or longer 


Studies of Speech Perception and Production 

Could such a basic temporal integration dysfunction under- 
mine speech and language development’? The results of the psy- 
choacoustic studies pointed to temporal dysfunction within the 
tens-ol inilliseconds range, the time frame within which temporal 
cues critical for phoneme (speech sounc') perception occur 

Figure 2 shows examples of the acoustic wave form of two 


classes of speech sounds. As can be seen in these sound spectro- 
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graphs (which display frequency changes that occur over time as 
speech sounds are produced), vowels transmit the same acoustic 
information throughout their acoustic spectra, and are thus steady- 
state. Stop-consonant syllables (such as /bay and /da/), however, 
have a transitional period between the release of the consonant and 
the initiation of the vowel during which the frequencies (called for- 
mants) change very rapidly over ume (within about 40 millisec- 
onds). Information carried within these brief formant transitions are 
critical for syllable discrimination. 

We hypothesized that LI children would be particularly im- 
paired in discriminating brief duration temporal cues within speech, 
such as the brief formant transitions within stop-consonant-vowel 
(CV) syllables, but would be unimpaired in discriminating between 
speech sounds that are characterized by steady-state or more slowly 
changing acoustic spectra, such as vowels. We tested this hypothe- 
sis by evaluating LI children’s ability to discriminate speech sounds, 
which we synthesized on a computer to gain control over the tem- 
poral components. The results were dramatic. LI children were able 
to discriminate steady-state vowels but unable to discriminate CV 
syllables incorporating 40 millisecond duration formant transitions.’ 

We next sought to determine whether LI children’s poor per- 
formance on tests with CV syllables could be improved by extend- 
ing the duration of the formant transitions from 40 to 80 
milliseconds. The results were exciting; they showed that the LIs 
were unimpaired in processing the same CV syllables they were 
previously unable to discriminate when the duration of the critical 
formant transitions were extended from 40 to 80 milliseconds.* 

Additional studies testing subjects’ ability to discriminate 
many different speech sounds based on a variety of temporal or 
spectral cues confirmed the hypothesis that LI children are selec- 
tively impaired in their ability to integrate brief acoustic compo- 
nents occurring within tens of milliseconds in the ongoing speech 
stream.* Spectrographic analyses of speech production data from LI 
and control children also showed a remarkable similarity between 
the pattern of temporal production impairments and temporal per- 
ception impairments.° 

This remarkable mirroring of specific temporal constraints in 
both sensory and motor systems subserving speech has important 
implications for theories that pertain to neural mechanisms underly- 
ing speech in humans. We then aimed subsequent studies at deter- 
mining whether the degree of deficit in nonverbal temporal 
integration would correlate with higher level aspects of linguistic 
processing beyond the phoneme level. When we used a compre- 


hensive battery of language tests, we found a strikingly significant 
correlation (r = .85, P < .001) between the degree of temporal pro- 
cessing impairment and the overall degree of receptive language 
impairment.’ Tnese data demonstrate that a primary inability to 
process acoustic information entering the nervous system in rapid 
succession initially may disrupt the development of phonological 
processes and subsequently lead to more global language delay. 


Modality Effects 

We were interested in whether this pattern of temporal pro- 
cessing deficits occurred only in the auditory modality for both 
nonverbal and verbal stimuli or was a more general deficit that af- 
fected other sensory and motor systems. To test the modality speci- 
ficity of these temporal deficits, we developed a comprehensive 
battery of nonverbal and verbal sensory and motor studies de- 
signed to investigate visual, somatosensory, and cross-modal sen- 
sory integration, as well as rapid sequential motor output. The 
results showed that LI children are profoundly impaired in their 
ability to discriminate, sequence, or remember any brief stimulus if 
followed in rapid succession (tens of milliseconds) by another stim- 
ulus, regardless of the modality of stimulation. 

We found a similar pattern for the production of rapid, se- 
quential oral or manual movements: deficits regardless of whether 
the stimuli were verbal or nonverbal.” The results of these studies 
demonstrate that LI children have a pervasive panse1 sory/motor 
deficit that is manifested in many aspects of their speech, cognition, 
and movement behavior.* 


Neuroimaging Studies 

As we know, the developing brain remains plastic and has 
considerable capacity for recovery of function if damaged in child- 
hood. It is difficult, then, to account for the severe, long-term lan- 
guage deficits of LI children at the neural level. Indeed, it is a 
paradox that children with developmental LI have a poorer progno- 
sis for language recovery than do children with acquired lesions to 
left hemisphere structures known to subserve language. 

Although several theories have been developed to account 
for this paradox, noninvasive techniques only became available re- 
cently to test these hypotheses at the structural level in living chil- 
dren. The recent advent of in vivo neuroimaging techniques such 
as magnetic resonance imaging (MRI) and positron emission to- 
mography (PET) opened a new era for studying the neurobiology 
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of higher cortical functions such as speech, language. and reading 
as Well as studying the brains of LI children at the structural level. 

In collaboration with Terry Jernigan at the University of Calli- 
fornia-San Diego, we reported the results of the first study of neu- 
romorphology in LI children using MRI, a study that vielded striking 
new insights into the neural structures underlying developmental 
language impairment. Using volumetric analyses, we found signifi- 
cant—but heretofore unsuspected—reduction in gray matter vol- 
ume in subcortical structures (including striatum and thalamus), as 
well as bilateral reduction in cortical structures known to subserve 
language. In addition, aberrant patterns of cerebral lateralization in 
the brains of LI children were demonstrated in both prefrontal and 
parietal regions. These results suggest more widespread differences 
in the development of the brain in these children, including both 
subcortical and cortical areas as well as bilateral differences in the 
brain regions known to subserve auditory processing and language. 
Importantly, highly significant correlations were found between the 
extent of aberrant hemispheric asymmetry of these cortical regions 
and the degree of auditory temporal processing deficits. linking for 
the first time structural and functional deficits in developmental lan- 
guage disorder.” 

One consistently supported tenet in neuropsychology is that 
speech is processed and produced preferentially by the left cerebral 
hemisphere. Support for this fundamental axiom derives both from 
studies of adults who have sustained selective brain damage lead- 
ing to specific functional disorders and from studies designed to 
evaluate differences in information processing within and between 
the cerebral hemispheres in normal intact subjects. 

What is the neurobiological basis of this specialization? Why 
is speech selectively processed and represented in the left hemi- 
sphere. and what are the evolutionary precursors to hemispheric 
specialization for speech? On the basis of our studies with LI chil- 
dren, we proposed that hemispheric lateralization for speech may 
derive from a more basic specialization for the analysis of rapidly 
hanging. or transieni, sensory motor information 


The Importance of Temporal Disruptions 


Damage to a human's left cerebral hemisphere usually re- 
sults in aphasia. Whereas damage to the left hemisphere is associ- 
ated with impaired phonological processing, damage to the right 
hemisphere has been associated with impairments in nonverbal 
acoustic analysis. 


Paula Tallal 


To investigate whether this dissociation is based on temporal 
or linguistic processing constraints, I collaborated with Freda New- 
combe in studying a well-characterized group of men with acquired 
missile wounds to either their right or left hemisphere. We examined 
whether damage to the left or right cerebral hemisphere disrupts 
nonverbal rapid temporal processing. The results demonstrated that 
contrary to expectation, processing of rapidly changing nonverbal 
acoustic information is severely disrupted by brain damage in the 
lefi—and not the right—hemisphere in adults."” 

Similarly, adult aphasics only showed deficits in discriminat- 
ing between speech sounds which incorporated brief, rapidly 
changing temporal cues. Like LI children, they were completely 
unimpaired in discriminating other speech sounds of longer dura- 
tion, speech scands that were steady, or speech sounds with more 
slowly changing acoustic spectra. These results support the conclu- 
sion that what is selectively damaged by left hemisphere lesions in- 
volves mechanisms critical for processing brief or rapidly changing 
temporal cues, regardless of whether they are verbal or nonverbal. 
Thus, a disruption of rapid temporal processing may lead to the 
phonological disorders characterizing aphasics. 

One technique used extensively to study hemispheric spe- 
cialization in intact normal subjects is the dichotic listening para- 
digm. A myriad of studies have shown that when competing verbal 
information is presented simultaneously (dichotically) to the two 
ears, subjects more often respond correctly to the information pre- 
sented to the right, as compared to the left, ear. This right-ear ad- 
vantage has been hypothesized to result from the right ear having 
primary access, via contralateral pathways, to the left hemisphere. 
The preferential processing of speech information presented dichot- 
ically to the right ear, historically, has been used as strong evidence 
of left hemisphere specialization for speech perception. What qual- 
ity of left hemisphere processing, then, produces more accurate 
perception of speech? 

My student Joyce Schwartz and I hypothesized that the left 
hemisphere has specialized mechanisms for rapid sensory integra- 
tion within tens of milliseconds. Since temporal components of 
speech must be analyzed within this critical temporal range, this 
would predict that speech should be processed preferentially by 
the left hemisphere. We hypothesized that the temporal con- 
straints—not the requirement for linguistic processing—-underlie 
this specialization. 

To address this hypothesis, we prepared two sets of com- 
puter-generated stop-consonant-vowel (CV) speech syllables. One 
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set was synthesized to contain the typical 40-millisecond duration 
formant transitions. The second set, however, was synthesized with 
transitions extended to 80 milliseconds. These two sets of CV sylla- 
bles were used to test the ear preference of normal adult listeners 
in a dichotic listening paradigm. As expected. we found a signifi- 
cant night-ear advantage for the dichotcally presented syllables with 
40-millisecond duration formant transitions, thus replicating the re- 
sults of numerous previous studies. The nght-ear advantage. how- 
ever, was reduced dramatically for the same syllables generated 
with transitions extended to 80 milliseconds.’ 

This critical result prompts a reevaluation of theories pertain- 
ing to hemispheric specialization tor speech. These data demon- 
strate that the left hemisphere may be specialized primarily for 
processing rapidly changing temporal information, including (but 
not limited to) speech. These data also provide strong support for 
the hypothesis that even what normal listeners selectively process 
in their left hemisphere may relate more to temporal constraints 
than to phonological processes 


PET Studies 


To investigate further this hypothesis, | initiated a collabora- 
tion with Marcus Raichle. Julie Petersen, and Julie Fiez at Washing- 
ton University in SM. Louis. We designed our collaborative studies to 
investigate neural aspects of speech and temporal perception in 
normal adults using the brain imaging technique called positron 
emission tomography (PET). PET studies allow us to image the lo- 
cation of change in metabolic activity that Occurs in vanous brain 
regions when an individual is performing a specific mental task or 
behavior 

In our PET study. subjects listened to four sets of sounds 
that were designed to determine which areas of the brain were sig- 
nificantly activated during speech and non-speech acoustic process- 
ing. We used speech sumuli that either did (syllables, words) or did 
nat (vowels) incorporate rapidly changing acoustic spectra. We also 
used nonverbal stumuli that incorporated temporal changes within 
the range that Gocur in speech, but did not have verbal meaning 

We found that significant decreases in metabolic activity oc- 
curred bilaterally for all four sets of stimuli in a number of regions 
in the panetal lobe. Activity increased in both the left and night tem- 
poral and frontal cortex. One area in the left frontal cortex (Brod- 
mann 45) was parucularly interesting. This area was near Broca’s 
area, a frontal area where damage often leads to aphasia. This left 


frontal area was significantly activated by the sets of stimuli that in- 
corporated rapid acoustic change (syllables, words, and brief tone 
sequences) but not by steady-state vowels. 

Importantly, significant distinctions in activation in the left 
hemisphere did not occur along verbal versus nonverbal lines but 
rather along temporal lines (rapid versus non-rapid frequency 
changes over time). These PET data from normal adults are consis- 
tent with the results of our MRI studies in which LI children failed 
to show expected cerebral asymmetiy in the frontal and parietal re- 
gions. Again: the degree of aberrant cerebral asymmetry in these 
two brain regions was highly correlated with deficits in processing 
rapidly presented tone sequences. tt has been thought that humans 
may have developed a module in the brain that is specialized only 
for speech, and different brain modules process non-speech 
acoustic signals.'? ‘i.. se PET data fail to support this view. Clearly 
the same brain regions process rapid nonverbal and verbal acoustic 
stimuli. No specialized activation just for speech was found.'* 


Development of an Animal Model 

Even though the basic mechanisms for encoding speech 
stimuli are technically a form of acoustic information processing. 
many investigators adhere to the notion that speech processing is 
“special,” distinct from other acoustic processes, and only found in 
humans. This philosophy unfortunately has impeded the develop- 
ment of animal models to study the neurobiological basis of 
processes fundamental to speech perception and production. As a 
result, we know far less about complex acoustic processing and 
speech at a neurobiological level than we do about other higher 
cortical functions such as visual perception or memory. 

Accumulated data from research, however, now provides 
substantial evidence that a common mechanism underlies the dis- 
crimination of verbal and nonverbal acoustic events that are charac- 
terized by rapid temporal change. Given these results, one can 
introduce the evolutionary hypothesis that auditory temporal pro- 
cessing represents a “precursor” to speech processing and, further, 
that left hemisphere specialization for this basic process occurs in 
other species. 

Together with Holly Fitch, we have recently designed a se- 
ries of studies to investigate the potential origins of left hemisphere 
specialization using a novel animal model. In these studies, adult 
rats were trained in a modified operant conditioning procedure that 
culminated in a test paradigm similar to a human dichotic listening 
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test. Sequences of two tones separated by a brief interval were pre- 
sented selectively to either the night or left ear, while white noise 
Was presented to the opposite ear. Rats were trained to identify one 
“target” sequence (for example. a low tone followed by a high 
tone) out of three other possible negative (non-target) sequences. 

The results demonstrated that adult male rats were signifi- 
cantly better at discriminating tone sequences with the night as com- 
pared to the left ear."* Like humans, then, the rats showed a 
significant right-ear advantage (REA). indicating left hemisphere 
dominance for rapid temporal processing. Human dichotic listening 
tests and tests of language recovery after lefi-hemisphere damage. 
furthermore, have shown a gender difference. which suggests 
stronger left hemisphere specialization of language function in 
males. When the performance of male and female rats was com- 
pared, results showed that male rats, like human males, were in fact 
significantly more lateralized to the left hemisphere than females. 

These results are important for two reasons. First. they 
demonstrate that rapid temporal processing may play a central role 
in the evolution of hemisphere lateralization by demonstrating that 
lateralized mechanisms which ultimately may subserve speech per- 
ception in humans can be found in other species. In addition to ev- 
idence derived from studies with LI children that argues that basic 
temporal processing abilities may be a prerequisite tor normal 
speech and language development. these animal studies showing 
left hemispheric lateralization in rats suggest that rapid temporal in- 
tegration processes may underlie. at least in pan. the evolution of 
speech processing mechanisms 

Second, the development of an animal model to study the 
temporal processes impaired in language-impaired children pro- 
Vides a new Opportunity to investigate central nervous system onga- 
nizavon of a function that now appears to be a precursor to speech 
perception and production. We are currently focusing on neu- 
roanatomical, neurochemical, and neurophysiological studies using 
this new rat model in an attempt to understand the neurobiological 
underpinnings of this important cognitive function. These studies 
hold exciting promise for providing new insights into the neural 
basis of Language and reading disorders. They also have the poten- 
ual to lead to completely novel early detection and remediation 
Strategies for language-based learning impairments in children 

The long-term goal of this research program is to shed light 
nat only on key issues underlying the mystery of developmental 
language and reading disorders, but also on fundamental questions 
pertaining to the neurobiological basis of phonological systems in 


humans and the origins of hemispheric specialization for language. 
The results of this research already have played an imponant role 
in changing some fundamental theones about the ongins and bases 
of developmental language and reading disorders, as well as the 
evolution and neurobiological foundations of speech. language, 
and hemispheric specialization. Thus this research has important 
clinical as well as theoretical implications that have the potential to 
change significantly the future course of research on the neurobio- 
logical basis of speech and language. as well as the treatment of 
developmental ianguage and reading disorders. 
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BRAIN PLASTICITY ORIGINS 
OF HUMAN ABILITIES 
AND DISABILITIES 


Michael M. Merzenich and William M. Jenkins 


ver the past fifteen years, there has been a sea chanee in 
(i= way in which neuroscientists view how learning and 

memory originate in cerebral cortex mechanisms. Our field 
cf interest is studying how each of us evolves specific individual 
behavioral capacities based on this self-organization of the brain. 

Historically, the cerebral cortical mantle that encompasses 
about half the volume of the human brain was most commonly 
viewed as a special computer with fixed elements and interconnec- 
tions. That view was fueled in pan by earlier studies demonstrating 
that cerebral cortex neurons developed adult-like morphologies 
and response properties and came to be distributed in adult-like 
forms in the visual and somatosensory cortex through a “critical pe- 
nod of development” early in life. 

More recent studies have led to a radical revision of this 
view. We now understand that cortical neuronal responses and 
local brain circuits are continually modified by our experiences 
Even our most precise and reliable and stable cortical representa- 
tions of the surfaces of the skin, of the sounds in hearing, or of our 
most elementary movements are remodeled by any new, cogni- 
tively imponant experience. The brain literally remodels itself in de- 
tail throughout life 

We first documented this cortical dynamism in the cerebral 
cortex of adult monkeys, in which we tracked changes in orderly 
brain representations of the skin surfaces that followed the elimina- 
ton of inputs from a significant sector of the skin, for example, 
from one of two fingers.' According to the earlier view of an 
anatomically static forebrain, the cortical regions representing these 
skin surtaces should have remained silent after such manipulations. 
In tact. they were quickly occupied by progressively topographi- 
cally expanded representations of the surrounding skin. 
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Dramatk representanonal remodeling occurred even when 
the skin inputs were not altered, for example, when two fingers 
were fused sungcally wahout the nerves innervating the skin being 
disturbed. « happened when two long-fused human fingers were 
separated, and a happened when an always-innervated island of 
skin was transferred across the hand in a plastic surgery “skin- 
sland4transier” procedure 

The nature of the representational changes recorded in these 
studies supports a very lange body of evidence that demonstrates 
that conical change mechanisms are coincident-input dependent.” 
That is, the way a hand is mapped out in the conex before and 
after these procedures is consistent with the hypothesis that cortical 
representational topographies are governed by the topography of 
temporal inputs. When the schedules and sources of nearly simulta- 
neous inputs from the skin are altered, conical maps of the skin 
change correspondingly. following these rules 

© Activity delivered simultaneously in time is integrated 
(represented together) by cortical neurons 

© Inputs consistently delivered almost simultaneously are 
represented as neighbors 

Considered in detail, cortical representations are time-hased 
constructs, and they can be modified at any point in life (with cer- 
tain behavioral contingencies described below) by changing the 
quantities and the temporal distributions of inputs 

Conical remodeling of body surface representations appar- 
ently can result in an occupation of very lange cortical zones de- 
prived of their primary initially effective inputs.‘ Maps of skin 
responses or of movements, for example, reveal that the entire zone 
formerly representing the skin and the movement of an arm can 
come to be occupied by an expanded representation of the proximal 
arm stump or (in a smaller group of patients) face skin, or by an ex- 
panded representation of the movements of proximal limb muscles. 
In these examples, cortical zones that are several square centimeters 
in extent, when deprived of their principal effective inputs, appear to 
he occupied by new and expanded representations of surrounding 
skin only a few weeks to months after the initial injury. 


Cortical Plasticity Underlying Learning 
The representational remodeling following alterations of pe- 
nipheral injury induced by surgical procedures and by peripheral 
nerve and brain injuries actually reflect the operation of normal 
learning mechaniemns mtroduced by the dramatic alteration of effec- 
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tive sources of information delivered into the brain in these special 
penpheral-ingury or brain-ingury Circumstances. 

Learning-hased conical plasticity has been the subject of in- 
tense study over the past decade. Many studies have shown that 
the responses of neurons in wide cortical zones that represe the 
conditioned stimulus (for example, a puff of air delivered to the tip 
of the nose), the unconditioned stimulus (for instance, a tone), and 
the conditioned response (for example, a tone-induced twitch or 
flinch) are altered to represent them in an amplified, ‘ighly selec- 
tive Way 

In adult mammals, the specific responses of nundreds of 
thousands of neurons and many hundreds of millions of synapses 
are formed or altered in the cerebral cortex to accomplish this 
change. Many more neurons represent these specific behavioral 
stimuli and behavioral responses after conditioning than did before 
conditioning. Neurons responding to these events have heightened 
sensitivities and response selectivities. Neurons in zones represent- 
ing these now-special stimulus and response events are progres- 
sively more strongly interconnected, and engaged neuronal 
populations acting cooperatively generate progressively more reli- 
abk oad more temporally coherent responses. And the engagement 
of neurons és directly contingent upon the event sequence that oc- 
curs in the behavior 

When the behavior is “extinguished” by a period of consis- 
tent, random, nonassociated stimulus and punishment-or-reward 
events, all these plasticity changes fade from the conex. Otherwise, 
they could endure for many weeks or months or, in some cases, for 
a lifetime. Moreover, if we “train” a mammal with consistently 
nonassociated inputs from the outset, a series of negative response 
changes for the unconditioned stimulus are recorded, that is, neu- 
rons come to be less sensitive than normal in responding to it, and 
respond less selectively than normal. Neuroscientists have clabo- 
rated beautifully the fundamental cellular, synaptic, and molecular 
changes that could underlie both the positive and the negative as- 
pects of these changes 

We have studied these changes induced by learning in our 
own laboratory in another important way. Monkeys were trained in 
the development of new motor or tactual or auditory skills. They 
learned to make finer and finer distinctions between stimuli, to de- 
velop progressively more adept movements with practice, to son 
complex stimuli more and more reliably, to improve at recognizing 
specific spectrotemporally complex target stimuli, an’ © forth. 
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We then tracked the changes induced by such progressive 
learning by “mapping” neuronal responses in a very fine grain all 
across the engaged zones of cortical areas in which these stimuli or 
movements are represented. Our objective was to define how neu- 
ronal responses and interconnections in the directly engaged neu- 
ron network sectors were altered, and how those changes might 
account for improvements in the monkey's behavioral performance. 

Again, massive changes in neuronal responses were 
recorded in all of these experiments. Neurons over large cortical 
zones came to respond very selectively to stimuli applied in the 
learned behavior, representing the practiced pan of critical stimulus 
continua, with progressively greater precision and finer detail. Neu- 
rons also represented these imporant stimuli with greater sensitiv- 
ity. Neurons distributed across the engaged sector responded to 
them progressively more simultaneously in time. thereby represent- 
ing them in a progressively more powerful synchronous-response 
form for the simultaneous input-based plasticity mechanisms of the 
brain, as the engaged neuronal syncytium came to be more and 
more strongly positively interconnected. 

The scale of these changes in adult monkeys and humans is 
great. When we began to experiment on monkey models to derive 
changes im the brain and learning, we found that when an animal 
takes up any new enterprise, the result is rapid and dramatic re- 
modeling of the representations of the body surfaces or move- 
ments, or of sounds in the hearing domain, that paralleled lear: g. 

We trained a monkey to pick food pellets out of a series of 
food wells under conditions that ensured that initially the monkey 
would be successful in his retrieval only every tenth or fifteenth or 
twentieth time. When a monkey first performs this task, he may 
need to try ten of fifteen or twenty times for each successful re- 
trieval, two or three weeks later, however, he will perform this be- 
havior without mistakes. Initially his behavior is highily variable trial 
by tial, and he tries several different strategies. Ultimately, how- 
ever, he performs this behavior in a highly stereotyped, beautifully 
repeated way thet underlies his success 

To accomplish this task, the monkey must palpate and grasp 
the pellet with specific fingertip surfaces. When we look in the 
brain, we discover that as a consequence of one or two or three or 
four hours of practicing this movement, the specific skin surfaces 
use! by the monkey are enlarged in representation about twofold, 
within these zones, the skin is represented in exquisite topograph’. 
detail, much finer than normal.” The fingertips the monkey is em- 
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ploying in this simple task are not functionally the same ones the 
monkey started with a few hours before! 

When we explore a cortical zone representing feedback in- 
formation from muscles, we discover that there is a great exaggera- 
tion of just those inputs that are crucial for combinative movements 
that are involved in initiating important phases in the fluid move- 
ment sequence. When we explore a cortical zone representing 
movements themselves, we find a striking exaggeration of specific 
movements and movement combinations that are crucial for indi- 
vidual elements of the reach-palpate-grasp retrieval sequence.” 

When others have explored premotor areas in which move- 
ment planning or the sensory guidance of movements are controlled, 
they have found that a large percentage of neurons in these zones 
are altered to represent the specific contingent conditions of the be- 
havior. From even a simple behavior like this one—te kind we all 
initiate repeatedly—tesult massive distributed changes in brain repre- 
sentations that involve alterations in the selective responses of corti- 
cal neurons in sometimes twenty Or more cortical zones. 


Language-based Learning Deficits 


What is the meaning of such plasticity? First and foremost, it 
means we should rethink how we view learning and its contribu- 
tions to our individual lives. 

Brain self-organizing processes Operate powerfu!!y to shape 
new learning throughout our lives. They must be considered as 
part of any enduring functional disability or chronic brain illness. 
Moreover, brain self-organizing processes themselves must be a 
source of functional disability. 

One example relaies to speech and language deficits in 
learning disabled children. A child is identified at the time she or he 
enters school as “learning disabled.” The child’s speech reception 
capabilities, language comprehension, and understanding of gram- 
mar may be more than two years behind a normal child of the 
same age. The child has a deficit in his or her ability to process 
sound inputs in time and cannot identify the sequence order of fast 
sound signals, which occur frequently in speech. Like a foreign- 
language learner who has not yet mastered a second language, the 
child cannot reliably recognize fast consonant elements in running 
speech. The child does not understand—and therefore cannot fol- 
low—simple instructions given by a parent or teacher; thus the 
child may be labeled as having an “attention deficit disorder.” The 
child’s speech and language deficits will cause him or her initially 
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to fail at reading; to be slower in the pace of cognitive develop- 
ment than other children; and without carefully constructed family 
and professional support, to suffer severe self-image trauma that ac- 
company the label of “failure.” 

How has this panoply of speech or language problems 
arisen in the brain ot the child? What is actually wrong in the brain? 
Conventional studies tell us that inheritable factors may have 
played a role in the genesis of this problem.* At the same time, our 
child may have been put at risk by premature birth, or by an early 
history of severe middle ear infections, which are not necessarily 
paralleled by inheritable brain defects.’ That is, inherited brain de- 
fects would not appear to be an essential determinant of this condi- 
tion. An examination of the brains of such children reveals that they 
are both physically and functionally different from the brains of 
normal children, supporting the hypothesis that the inheritable fac- 
tors may have affected brain structure and learning processes. 

Before we blame the problem on physically expressed in- 
heritable factors, however, we should remember that in the previ- 
ous five or six years our child’s brain has undergone an incredible 
self-organization in its attempt to create speech and language repre- 
sentations. In this struggle to produce a reliable representation of 
the child’s native language, millions of phonetic elements have 
been produced and millions received. Syntax, grammar, and a 
growing lexicon have been created by this massive self-organizing 
process. Many cognitive aspects of language have been developed. 

How has this powerful iearning contributed to the expres- 
sion of the learning disability recorded in our child? How much of 
the deficit could be a product of brain self-organizing processes 
struggling to create a salient representation of speech and language 
by use of a marginally successful strategy, a process that ultimately 
creates and embeds defective language constructs? 

The answers to these questions are important for guiding re- 
habilitation strategies for at least two reasons. First, to the extent 
that the expressions of the disability are attributed to cortical 
learning-induced plasticity, they potentially can be remediated at a 
later age by learning. Although the inherited or acquired physical 
or chemical defect (if one exists in our child) may not be reparable, 
we potentially can “repair” an earlier history of the child’s learning 
that has resulted in defective speech or language capabilities. 

Second, to the extent that the expressions of these abnormal 
brain operations spring from normal brain self-organizing or learn- 
ing mechanisms, they only can be overcome by learning. In that 
event, the defective speech or language performance of our child 
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has been established by hundreds of thousands—possibly mil- 
lions—of “learning trials.” No pill. no once-a-week training. no 
overnight remediation can be expected to have much of an impact 
on the powerful brain self-organization that has creaicd and then 


heavily reinforced defective speech or language Constructs 

It might be noted that the brains of these children in whom 
speech or language capabilities appear to be impaired in so many 
ways simply cannot be physically identical to those of normal chil- 
dren because brain self-organizing processes generate major 
changes 1n local brain circuits and functionalities. Expenence that ts 
different on this scale is equatable with brains that are different in 
detail on a large scale 

At the same ume. to the extent that apparent physical difter- 
ences are effects of defective brain selt-organizauion. some of these 
functional and physical differences well may be reversible by ap- 
propriate training in later lite. It is mporant to note that the pres- 
ence of functional differences mn our voung student does not mean 
that his learning disability necessanly anses trom tundamentally de- 
fective brain machinery 

Our hypothetucal child represents more than half a mulhon 
children entenng Amenean schools ever vear Studies in monkevs 
show us how the panoply of defects im such children mught arise 
by learning in developing children. They led us to ask: If we estab 
ish a remediation trang strategy based on our hypothesis. our 
understanding about corucal plasuciy underiving learning. and our 
understanding about the basic defectne information processing im 
these special children. can we sygnificantl remediate the behaveoral 
maniiestavons of learnme disabilities’ 

In collaboranon with Paula Tallal. we have accomplished 
just that Two traming strategies were developed on the hasis of 
studies of brain plasticity in monkevs and desonpuons of the tem- 
poral processing deficits in dvsphasx and dvsiexx children’ Those 
Srateg~res then were applied in six- tO nine-veat-oid speech-hased 
w language-hased learning disabled children mm a special school 
“TUNA 

First we created COomputet-mounied “games to improve 
adapuvelh the defective temporal processing abilitves of these chul- 
dren. The ohective of one game was to improve childrens tast- 
sound sequence recepuon abilines. the obective of a second was 
ltoumprowe tast-phonet clement idenuticaton Through these age- 
appropnate “games” children were driven to achieve progressivels 
tugher task performances on successive trang davs With a total 
at seven to twelve hours of tramime at games plaved for at least 
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twenty minutes each day for twenty training days. all sevea chil- 
dren improved substantially at both of these tasks. 

For fast-sound sequence reception behaviors, a hallmark of 
these learning-disabled children, av ciage gains were about fifteen- 
fold, and performances of about half of eighteen trained children 
approached the normal after training. For the fast-phonetic clement 
recognition task, again, every child improved substantially, ulti- 
mately identifying correctly target elements presented at normal 
fast-speech rates. 

A second strategy was to train children in conventional 
speech and language exercises but with the use of speech that was 
synthetically modified so that fast-speech elements were intelligible 
for these children while strengthening their form of representation 
for driving le wning-based changes in their brains.'* Children were 
given speech therapy exercises using speech in this synthetic form 
for about two classroom hours per day. They also were given 
“homework,” age-appropriate book tapes and educational CD- 
ROMs, all with modified speech tracks. Over this four-week period, 
speech therapist and teacher interactions with these children were 
largely limited to nonverbal communication. 

The combination of these two forms of exercises resulted in 
dramatic gains in phonemic identification, grammar, and language 
comprehension in these children. Children improved, on average. 
by about two years in age-equivalent performance with only twenty 
days of training—about sixty classroom hours plus homework. 

The fact that we can reduce so substantially the striking tem- 
poral processing deficat that marks these children’s defective speech 
reception and can produce these major gains in phonetic clement 
recognition, grammar, and language comprehension strongly sup- 
ports the two hypotheses on which we based our trials: 

¢ Much of the expression of this powerful, multifaceted dis- 
ability arises from earlier learning; that is, the disability is a conse- 
guence of the brain organizing itself to load its language machinery 
with crucial experiential information using a defective learning 
Strategy, Or Operating on initially defective sensory information 

e Using a strategy based on our understanding of the defec- 
tive temporal processing in these children and the basic self- 
organizing mechanisms that operate in our brains in learning. we 
can remediate and possibly eliminate this condition in a lange pro- 
portion of the children who suffer it 
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Occupationally Based Movement Disorders 


A second class of disabilities that have their ongins in brain 
self-organizing processes are occupationally based movement disor- 
ders. A musician practices finger control on the violin for several 
hours cach day. Within a very shon penod of practice time, move- 
ment control begins to disintegrate. despite intensive practice as a 
person attempts to reestablish control, digital dexteniy further de- 
grades. Whenever the hand is positioned in the normal playing 
posture and the fingers brought down on the strings. the hand 
moves reflexively wih uncontrolled and unwanted movements 
Movement between the affected fingers in this posture becomes 
difficuh, although in every other respect the movement control of 
the hand may be normal. In time, the loss of movement control 
spreads in the hand, and generalizes to other movements and pos- 
tures, now affecting the use of pens or forks, now injecting clumsi- 
ness and discomfort into everyday life. 

This scenano occurs in different forms to hundreds of thou- 
sands of American workers cach year—typists, musicians, accoun- 
tants, and tool- and computer-users. Because pain and 
inflammation often accompany these repetitive strain injuries, many 
clinicians have believed them to be generated by movement- 
induced microtrauma in the hand or arm and treated them as such. 

Our studies show, however, that massive learning-induced 
changes in the brain parallel the emergence of this condition and 
almost certainly account for the loss of movement control recorded 
in these subjects."* In this case, cortical self-organizing mechanisms 
underlying learning create a “trap” that leads to deeply embedded 
dysfunction. 

How did our violin fall into this trap? As noted earlier, cor- 
vical changes in learning are coincident (simultaneous) and input- 
driven. When sensory feedback from the hand arrives from 
different sources (for example, from two adjacent fingers) nearly si- 
multaneously and repetitively in a learning exercise, the learning 
mechanisms in the brain integrate it 

Monkey studies. including expenments in which we have 
generated this syndrome by training, have shown us that four con- 
ditions must be met to degrade hand movement control: 

© Nearly simultaneous inputs are produced from more than 
one finger. 

© Those inputs must be highly stereotyped: if they vary sub- 
stantially from one practice event to the next, the cortex creates 
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more—not less—tefined representations of afferent feedback infor- 
mation and movements. 

© These stereotyped movements must be repeated with 
multiple practice trials commonly extending over successive days or 
weeks because the induction of these changes by learning requires 
Inpul repetition. 

© These nearly simultaneous, stereotyped, repetitive inputs 
must arise from an attended behavior, “automatic” performances of 
skilled movements do not engage the learning machinery of the 
cortex. Only attended, immediately cognitively important inputs can 
generate these destructive representational changes. 

When we apply these four conditions to a monkey, it may 
develop a “tendonitis” or a “focal dystonia” marked by a loss of 
control of digital movement. When we examine the brain's repre- 
sentations of sensory feedback from the hand, we find it to be 
grossly degraded by the “on-the-job” training it has undergone. It is 
easy to generate a degradation of the representation of individual 
fingers by such training. When tendonitis or focal dystonia emerge, 
it is Commonly paralleled by an integration of the representations of 
adjacent fingers. 

In the normal case, skin surfaces and muscle afferent and 
joint information from individual digits are clearly differentiated in a 
monkey or human. In our repetitive strain injury models, finger 
representations are fused and sensory responses are massively de- 
differentiated. In these cases, the brain has integrated formerly sep- 
arate finger movements into a single, compound, multiple-finger 
movement. For our violinist, the control of two adjacent fingers has 
merged. When she initiates a fine movement of either digit, the re- 
sulting compound movement is gencrated. Simultaneous feedback 
information is generated by the compound movement each time it 
is produced by commanding fine differentiated movements, further 
strengthening its representation. 

Now that we understand that great de-differentiating 
changes occur in the brains of these patients, we need to revise our 
thinking about how to repair this movement disorder. These pow- 
erful brain changes induced by learning only can be overcome by 
learning. Whatever the extent of the actual physical problem in the 
arm or hand, true recovery only can be achieved by restoring the 
elaborately differentiated brain representations that control hand 
and arm function. We have devised a therapy strategy based on this 
premise and have achieved outstanding initial success in treating 
these patients. 
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Some Implications for Neurorchabilitation 

Contemporary neuroscience has provided us with an in- 
creasingly deeper understanding of brain dynamics underlying 
learning. We have an increasingly clear vision of how we can use 
that perspective to define what brain self-organizing processes con- 
tribute to human dysfunction and disability. Unucitanding brain 
self-organizing processes in detail represents the crucial first step 
for applying them intelligently for rehabilitative good. Initial clinical 
trials employing this new information and perspective have created 
powerful new rehabilitative strategies that promise possibilities of 
remediating a wide variety of developmental and acquired func- 
vonal disabilities in humankind. 

Both language-based learning deficits and occupational 
movement disorders are produced directly by the progress of 
human culture. Repetitive strain injuries arise from heavy repetitive 
tool use that rarely occurred in earlier human socicties. Dyslexia is 
a product of an evolving requirement for high-speed speech and 
reading, both inventions of the last millennium or two. 

Brain self-organization has limits. The complex evolution of 
learned constructs that is so much a par of what each of us is can- 


nat he expected to occur flawlessly always, without error As our 
culture evolves and we exploit powerful ways to deliver massive 
amounts of information into our nervous systems at high speed, a 
deeper appreciation of how our interaction with our environment 
drives changes in our brains—for good and for ill-—will increase in 
importance. 


The basic research described in this brief review was con- 
ducted with the suppon of grant NS-10414 from the National Insti- 
tute of Neurological Diseases and Stroke; by a senes of contracts 
from the Neuroprosthesis Contract Program in the Fundamental 
Neurosciences Division of the Neurological Institute, and by Hear- 
ing Research, Inc. Learning disability remediation research was sup- 
norted by the Charles A. Dana Foundation and by Hearing 
Research, Inc. 
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nderstanding what changes in our brains as we are learning 

and remembering remains the saost fascinating unsolved 

problem in neuroscience. We seck to understand what 
these changes are and where in the brain they occur. 

We first’ gained some insight into these issues in the carly 
1950s, when a patient, who is now referred to as H.M., underwent 
a neurosurgical procedure to relieve intractable epilepsy. The 
surgery involved removing bilaterally a small area of the brain 
called the hippocampus. Although this surgery cured H.M.'s 
epilepsy. a left him—much to everyone's surprise—with a pro- 
found memory deficit, He was able to recall memories from his 
deep past, but he was completely incapable of forming new memo- 
nes. You might have a seemingly normal conversation with this pa- 
tiemt. for example, but ii you were to leave the room and then 
come back, he would not remember that conversation ever had 
taken place. You would be an utter stranger to this patient, and you 
forever would remain a stranger. 

A great deal of work on amnesiac patients involving neu- 
roanatomical studies as well as imaging studies with NMR (nuclear 
magnetic resonance) and PET (positron emission tomography) have 
confirmed that the hippocampus plays a key role in memory 

What occurs in the hippocampus that is responsible for the 
laying down of new memories? 

it is well established that when we engage in learning and 
memory, the changes that occur in our brains are stored as changes 
in the strength of the contact between nerve cells, the synapses 
The experimental approach that many investigators use is an ex- 
tremely reductionist one. By taking apart the brain night down to its 
individual molecules, we can get deep insight into complex behav- 
ioral problems such as learning and memory. With this knowledge 
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we can develop strategies that can be taken back to the complex 
behavior, to the mmtact animal, and to the clinical setting. 

After we deeply anesthetize a rat. a commonly used animal 
in these studies. we quickly remove its brain from its skull. We next 
remove its hippocampus, cut that into thin slices. and put these 
shees into a dish that contains an oxygen-ennched solution. Figure 
1 shows a diagram of the hippocampal slice and the neuronal cir- 
Cults preset in the slice Only a few cells are shown, but millions 
cf nerve cells exit within a slice. These nerve cells have branches, 
of axons, that make synaptic contact with other cells 

These synapses can be artificially activated by clectrically 
stimulating the axons with an electrode, and the consequences of 
activating these fibers can be recorded within the nerve cells. Our 
ability to isolate the hippocampus allows us to perform a great 
many manipulation hat otherwise would be impossible, and ia 
permits us to dissect out the individual processes involved in 
synaptic transmission. 

The synapse is composed of two parts: 4 presynaptic termi- 
nal and a postsynaptic density. The presynaptic terminal contains 
many round uniform vesicles which, at excitatory synapses, release 
glutamate. When an impulse or signal arrives at the terminal, one 
or more of these packets fuses with the terminal membrane and 
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glutamate ts released imo the synaptic cleft. The glutamate then dif- 
fuses across the cleft and binds with protems im the postsynaptx 
membrane. called receptors. Activation of these receptors depolar- 
izes the postsynantx cell) This transmession process. we think, is 
madihed dunng learning. Fagure 2 shows an example of the modifi- 
cavon that occurs dunng the phenomenon referred to as long-term 
potentiation (LTP) 

After oltarung a baseline wath low-frequency stimulauon., 
we can activate the synapses repetitiwely at high frequency for a 
bret penad of time. a process not unlike what might be cocurning 
m the brain when we were acquiring of learning new information 
Immediately following the repetitive stimulation. the size of the re- 
sponse increases markedly and stays increase’ for the duration of 
the experiment. In intact animals. interest...g2ly. this increased 
strength can last for weeks 

What cocurs dunng the bref repetitive action that tips the 
switch and thus causes a change in the synaptic strength’ And 
where does the change reside’ A great deal of knowledge has heen 
accumulated ower the past decade about this process. Some of this 
knowledge » schematically) diuagrammed m figure 4 The glutamate 
released from the packets of vesicles in the presynaptx terminal 
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bind to two types of receptors AMPA and NMDA receptors. During 
the baseline transmission. dhe receptor responsible for depolarizing 
the cell is the AMPA receptor It opens a channel that allows 
sodium to flow into the cell. causing the depolarization of the post- 
synaptic cell 

Akthough glutamate also binds to the NMDA receptor, this 
receptor does not contribute to the response dunng low-frequency 
simulation. This is because Mg" sits in the NMDA channel and 
prevents @ from functioning. During repetitive activation, however. 
the cell depolarizes and magnesium is kicked out of the channel, 
allowing the channel to conduct. The NMDA channel, unlike the 
AMPA channel, has a high permeability to Ca” in addition to 
«xiium. The Ca" serves as a trigger for the cascade of events that 
leads to the changes in synaptic strength 

There are two fcossible causes for this change. This calchum 
may initiate events Ux .cad to the generation of another messenger 
that can go back and tell the presynaptic cell to release more trans- 
mitter. Or this synapse can become strengthened in response to a 
signal that can increase the number or enhance the ability of the 
AMPA receptors to generate responses 
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The release of glutamate in the form of packets permits the 
investigator to record the all-or-none (quantal) response to a packet 
of glutamate. These packets, in addition to being released in re- 
sponse to a stimulus, also are released spontaneously at a low rate. 
It has been established at the neuromuscular junction that a change 
in the size of these quantal responses is due to a change in the 
postsynaptic sensitivity of the receptors. We have recorded these 
spontaneous events to address whether a rise in postsynaptic Ca”’ 
increases the size of these events. To raise Ca** at as many synapses 
as possible, we took advantage of the fact that the postsynaptic cell 
has voltage-dependent Ca** channels in addition to NMDA chan- 
nels. Repetitive activation of these voltage-dependent Ca** channels 
causes a widespread rise in calcium in the postsynaptic cell. 

Figure 4 shows the effects of Ca™* on the size of spontaneous 
gianta. A number of traces are superimposed and the downward de- 
flections are the quanta. The top traces are from the control period 
and the bottom traces are shortly after strong activation of the 
voltage-dependent Ca** channels. The quantal events clearly are 
much larger after the activation, and the time course is plotted in part 
B. This enhancement tends to decay over a 20-30 minute period. 

It is unclear why this potentiation, unlike the LTP induced 
by NMDA receptor activation, is transient. Perhaps we are unable to 
raise Ca** high enough by activating voltage-dependent Ca** chan- 
nels; perhaps some other factor is necessary for sustained potentia- 
tion. Nevertheless, these results indicate that a rise in postsynaptic 
Ca** can increase the size of quanta, strongly suggesting that the 
postsynaptic sensitivity of AMPA receptors has increased. 

How, then, does this calcium cause an increase in sensitivity 
in the postsynaptic cell? In addition to glutamate receptors, the 
postsynaptic density contains another set of proteins called kinases. 
Kinases attach a small molecule called phosphate onto other pro- 
teins; when they attach this phosphate, it changes the structure of 
these proteins and the function of the protein. One kinase, CaM Ki- 
nase Il, is present in high amounts in the postsynaptic density. CaM 
Kinase II is activated by calcium and is ideally positioned to medi- 
ate the effects of Ca** on AMPA receptor function. We have used 
specific blockers of CaM Kinase II and have found that the Ca**-po- 
tentiation is markedly reduced by these inhibitors. We also have in- 
jected an activated form of CaM Kinase II into cells and this 
enhances AMPA receptor responses as does LTP. 

In summary, we now know that the postsynaptic spine con- 
tains at least three distinct proteins: AMPA receptors, NMDA recep- 
tors, and CaM Kinase II. We postulate that long-term potentiation is 
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Figure 4. Voltage pulse-induced potentiation of miniature excitatory postsynaptic 
currents in a single CA1 pyramidal cell 


(A) In the upper trace, 10 current sweeps—each lasting 1 second—collected betore 
the application of voltage pulses, are superimposed. In the lower trace, 10 current 
sweeps that were recorded around the peak of the potentiation are illustrated. It is 
clear that there is an increase in the amplitude of individual events following the 
voltage pulses. The cell was held at -80 mV. 


(B) Plot of the same data illustrated in (A), but illustrating the mean mEPSC 
amplitude recorded during a l-minute period. The mean control mEPSC amplitude 
is 12.6 pA, whereas after the voltage pulses the mean mEPSC amplitude increases 
to a maximum ot 37.7 pA. 


(From D. J. A. Wyllie, T. Manabe, and R. A. Nicoll. 1994. A rise in postsynaptic Ca* 
potentiates miniature excitatory postsynaptic currents and AMPA responses in 
hippocampal neurons. Neuron 12:127-38. Copyright © 1994 by Cell Press. Used 
with permission. ) 


a result, at least in part, of Ca** entry through the NMDA receptor 
that results in the activation of CaM Kinase II, which in turn at- 
taches phosphate onto the AMPA receptors. As a result, the AMPA 
receptor functions more effectively and generates a larger response 
in the postsynaptic cell. 


Applications to Behavior 

I wrote above that many investigators use a reductionist ap- 
proach to study learning and memory. | have boiled down the prob- 
lem to three proteins in the postsynaptic density: about as 
reductionist as one can get. There are tens of thousands of synapses 
on an individual neuron and millions of neurons in the hippocam- 
pus, so this clearly is a very seductionist approach. By taking the 
synapse apart and identifying some of the key players in the mole- 
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cules involved in the synaptic changes, however, we should be able 
to obtain some insight we could take back to the behavior itself. 

The NMDA receptor, for instance, is critically involved in 
generating LTP, the potentiation that we record electrophysiologi- 
cally. If this electrophysiological event—this potentiation—has any- 
thing to do with memory, we would predict that by blocking this 
receptor, we should disrupt memory. In fact, there are compounds, 
called antagonists, that will block the NMDA receptors; indeed, one 
antagonist can impair learning in a rat very substantially. That such 
a linkage exists between physiology on one hand and behavior on 
the other is very reassuring. 

From a clinical viewpoint, developing drugs that disrupt 
memory is not a particularly fruitful avenue to pursue. The drugs 
that block NMDA receptors, however, are of very great value in an- 
other condition in which nerve cells die during ischemia or lack of 
oxygen. When someone has a stroke, the ischemia releases an enor- 
mous amount of glutamate into the extracellular space. The exces- 
sive amount of glutamate acting on the NMDA receptor fills the cells 
with very high levels of calcium, and calcium at a high level kills 
cells. Using these antagonists for the NMDA receptor cor ers 
marked protection against many of the consequences—and much of 
the damage—that usually occurs during a stroke. Thus the NMDA 
receptor antagonists have value, but not for learning and memory. 

Drugs targeted to the AMPA receptor might be a more fruit- 
ful approach. We have noted that some of the increase in synaptic 
strength occurs by enhancement of AMPA receptor function. What 
if we were able to design drugs that could mimic this enhancement 
of the AMPA receptor? This might be a strategy to improve the abil- 
ity of an animal to learn or to restore function following loss of 
memory capacity. There is a class of drugs that specifically enhance 
the function of the AMPA receptor. Although they do it differently 
from the calcium-mediated process, the consequences are the 
same; that is, responses are enhanced. Gary Lynch and his col- 
leagues have shown that when these compounds are injected into 
intact animals, they enhance the AMPA receptor function. More im- 
portantly, it appears that rats perform better in complex maze learn- 
ing in the presence of these drugs. It is important to extend these 
results and determine whether this type of approach can be of 
value for Alzheimer's patients. 

By investigating the brain through its sinallest components, 
its molecular building blocks, we can gain important insight into 
the basic mechanisms that underlie very complex behaviors. Once 
we understand these building blocks, we can develop strategies 
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and design drugs that can be applied to the complex behavior in a 
clinical setting. | am quite optimistic that this approach. enabling us 
to accumulate hasic scientific knowledge rapidly, will give us the 
tools we need. 
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featured in one of the leading scientific “journals” of our age. 

the New Jork Times. As shown in figure 1, the Times anicle in- 
cluded an illustration of the main components of the synapse. in- 
cluding the incoming neuron fiber. the presynaptic terminal, the 
presynaptic vesicles containing packets of neurotransmitter. the 
synaptic cleft, the postsynaptic receptors, and a postsynaptic spine 
filled with interesting signaling molecules 

The 7imes article summarized a then-popular theory propos- 
ing that memory traces are registered when the neck of the post- 
synaptic spine widens. According to this theory, a memory-initiatine 
stimulus causes an entry of calcium ions, activation of a Ca-*- 
dependent enzyme called calpain, and a change in the shape of the 
spine and its neck. As the neck widens. at was though. clectncal 
communication improved between the glutamate receptors on the 
spine head and the rest of the neuron. Synaptic strength thus 
would be increased in a specific and lasting way 
This theory proved extremely valuable as a stimulus for re- 

search. It drew attention to what might be called a Holy Grail of 
brain sqence: the goal of understanding the function of the brain at 
the level of individual synapses, in molecular terms. This is a logical 
and worthy objective, if an ambitious one. Synapses are ftundamen- 
tal elements of Communication in the nervous system. and the abil- 
ity of synapses to undergo marked changes im strength les at the 
heart of the remarkable plasticity of the brain. If we can understand 
how the synapses work and the molecules behave. we may be able 
both to apply that information to the entire organism and. ulti- 
mately, to find better ways of putting the knowledge to clinical use 
in treating human beings 


S: etal years ago. a theory about how memory takes place was 


Figere 1. An example of a theon for memorn that draws upon cell brological 
meochannims. based on an ongnal proposal by Dr Gan Lynch A canon 
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Recently, on a dreary late-cvening flight back home to the 
San Francisco Bay area. | was trading stones wath a fellow passen- 
get. a Silicon Valley engineer, sharing my excitement about current 
theones about memory and how one might try to approach them 
expenmentally. He seemed intent enough on understanding the 
neuroscience and even picked up some of the lingo. Sometime he- 
tween the beverages and the meal service. he turned toward me. 
eves wide, and declared: “1 get @; youre working on the hardware 
problem!” 

After some chuckling (1 knew he was working on software 
systems), we compared observations about our respective col- 
leagues, noting that in both fields we tend to divide ourselves up 
between “hardware” and “software”: between those who preter the 
“bottom-up” approach and those who like to work from the top 
down. Although analogies between computers and brains often are 
overstated, we agreed on the generalization that the consolidation 
of bottom-up and top-down approaches is always far more casily 
said than done 

In the case of neuroscientists, studies of synaptic “hardware” 
are sometimes pursued for their own sake, without much regard for 
their implications for what the “top-down” systems folks are doing 
This is lamentable, but a is a fact of life. Nevertheless, the prevailing 
belief is that understanding hasic mechanisms at the synapse level 
will both constrain and inspire “top-down” theories about memory 

Let us return to the spire neck idea of a few years ago. As it 
turns out, no one, including the onginal proponent of this hypothe- 
sis, believes it at present. The main problem with this hypothesis is 
that the spine neck is not narrow enough in its original state to im- 
pede significantly the electrical traffic between the head of the 
spine and the rest of the cell) Thus, widening the electrical high- 
way, even if a did occur, would have lithe or no impact on the ef- 
fective strength of the synapse. We have turned our attention to 
other kinds of explanations, of the son mentioned by Roger Nicoll 
in his presentation, that call for modification of postsynaptic recep- 
tors or presynaptic transmitter release. But the spirit of the spine 
neck hypothesis is very much in line with the kind of cell biological 
answers that we now seck 

1 would like to focus on some general issues about these 
mystenous synapses that arc the center of so much attention. What 
are the functional capabilities of single presynaptic nerve endings? 
How many vesicles can be released by one terminal and how fast 
do vesicles recycle? Is the size of synaptic events constant or does it 
vary between individual nerve endings or between neurons’ Such 


Richard @ Tsien 


Figure 2. 4 cross secon of brain tiesue, as soon ip the clectron microscope 
Numerous nerve tonmunals appear as sacks contamung small cwoular vescbes (hor 
cxample. those laheted wath — and 4 Scale har represents onethousandth of a 
milheeter (From KE Sora and KOM Harrns 1994. Oocurence and three 
chmenseonal structure of noultple synapses between mdnsdual codiatum awoms and 
thew target pvrarmechal ccs on bappocampal area CAL Jornal of Neuroscience 

14 4°48 Reponted wah perms } 


questions are fundamental to the flow of information between 
presynaptic and postsynaptic neurons. These now can be ad- 
dressed, thanks to new methods that enable us to image individual 
synapses and study them one by one. New work in our Stanford 
University laboratory applies microstimulation techniques to indi- 
vidual presynaptic boutons (single synaptic terminals) to study their 
capabilities for releasing neurotransmitter and the ability of the 
postsynaptic receptor clusters to receive neurotransmitter. In addi- 
tion, | will discuss a new way of studying synapses that have un- 
dergone an enduring change in strength, an approach somewhat 
akin to marking the synapses with an madetible ink 


The Virtues of Well-cultured Neurons 


Until recently, much of our knowledge about synaptic trans- 
mission in the brain was based on extrapolation from classical ex- 
periments on the neuromuscular junction of more recent studies of 
mammalian brain slices. Unfortunately, there are major obstacles to 
the study of synapses in whole brain or even in thin slices of brain 
A typical neuron receives tens of thousands or even hundreds of 
thousands of synapses from other neurons. Furthermore. individual 
synaptic nerve endings are very small—only about one micron 
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the synaptk commectons are less abundant. One of the advantages 
of workong mm culture ss that the synapses are much casict to mmage 
and access for expermmental manipulation. Thus. we can study 
snaptik COommurnmcabon m a more veucl and mmmediate sts 


Visualizing Functional Synaptic Terminals 

Working m culture. a hecomes relotvely caw to use a fluo 
roscem dve to vesualze functional boutons and the turnover of 
wraptk vesckes wathen them. Figure 4 dlustrates the taming of the 
presvnuptx temmunals onto a cultured happocampal neuron and thew 
Saaming upon stmmulanon of veswoular release The method was de- 
veloped for nerve-musie synapses by Wilham Betz and his col- 
leagues at the Lnewerety of Caoforade and extended to happocampal 
sruapses In Tonathy Ryan and Harald Reuter m Nephen Smiths lab 
a Santon! The fluarcsoem dve was named FMI—13 by @s inventor 
Fo Mao of Molecular Profes. a brotech company m Oregon 

The method works because svnaptx vesicles in active 
wraptx boutons undergo a continual cvcle of ewocyvtosss and en- 
deavtosss (figure 5). Each soeicle can he thought of as a bowcar full 
at carge wm an coologcally manded railroad. Exocytosis, the dump 
nm of L. veswoular contents mito the external medium, takes place 
by the formation of a pathway hetween the inside of the vesicle 
and the extracellular space. Endocyvtosss. the subsequent pinching 
off of the vewcle from the surface memibwane. coours m the after- 
math of ewocviesss and precedes the refilling of the vesicle wath 
neur transmitter cargo Dunng the sveral scoonds hetween exocy- 
tows and endacvtosss. temporan comtinuty ms established hetween 
the external medium and the mtencart of the vesicle. This connection 
provides a window of opportuni for movement of dve molecules 
mo the vesxle. whereupon they ommerse thomsectves up to thew 
warts mm the vesxle membrane and he me highly fluorescent 
After encdkaviosss. the dve molecules remain trapped in this state 
marking the vesxle So hong as the vesicle femains imtact m the 
neTve termunal. a will continue to he marked, even after the dve 
removed from the bathung soluten If the vesicle undergras an 
ther rownd of ewocvtosss. however. the trapped dve can ew upe 
and the marking of the vesscle will he reversed 


Capabilities of Single Nerve Terminals 
to Release Transmitter 


Recem clectroph ological stuches by Gucosong Lu m cur 
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ously trapped dye—an opncal index of vesicle exocytosis—and the 
cocurrence of synaptk transmission: cxocytosss physiologically Ge- 
tected by the postsynaptic cell. In Liu's experiments, howtonms are 
focally stimulated by application of brief pressure to a micropipetic 
weet ‘icum-contaming potassum-rich solution (figure 6) This 
solution changes the electrical potential across th presynaptx 
membrane, which causes Ca” channels to open, allowing a local 
influx of Ca” joms that triggers neurctraremitter release. Evoked 
synaptic events were recorded as clectncal currents transmitted to a 
recording macroctectrode on the cell body 

As Mustrated, w' on the puffer pipette was directed onto a 
houwton, there was a but of synaptic events, but the number of 
evoked synaptik events was greatly reduced by mowing the prpetie 
by only a few thousandths of a millimeter to either side This is one 
incicati “of the focal nature of the simulation. Further reassurance 
is provided by PM1—45 floureseence, which shows loss of dye from 
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Figure 6. Stimulation and recording of synaptic activity from + ngle boutons, 
identified as individual puncta of FM1—43 fluorescence 


(top) Fluorescence image of FM1—13 dve labeling of presynaptic boutons 
supermmposed on a differential interference contrast image of a postsynaptic 
hippocampal neuron in ceil culture 


(hottom) Evoked synaptic Current response depends stceply on position of 
simulating pipette. Verucal arrows indicate onset and termination of an application 
fa concentrated K+ solution. Apphicd solution contains 2. mM Ca-*, while the rest 
# the cell is bathed in nominally 0 Ca- solution. Maximum response Gmiddle trace) 
was Obtained when stemulating pipette was centered on the presynaptic terminal 
structure. Small lateral movements greatly decreased the etticacy of the stimulus 
Cupper and lower traces). (From G. Lig and RoW. Tsien. 1995. Properties of synaptic 
transtussion at single hippocampal synaptic boutons. Natiare 375: 104-8. Reprinted 
with permession. Copyright © 1995 Macmillan Magazines Limited.) 


a bouton under direct stimuation, but not from another bouton a 
few thousandths of a millimeter away (figure 7). Thus, we are able 
to look at presynaptic release at the level of single visualized bou- 
tons, provided that the nerve terminals are not too dense. 

When single boutons are stimulated frequently—say, once 
every two seconds—the number of synaptic responses per trial 
gradually declines Cigure 8). We interpret this as a depletion of ¢! 
available vesicles. If the bouton is given a rest period without stim 
ulation—say, five minutes—the entir: response to repetitive stimu- 
lation can be reproduced. If we vary the rest period, we find that 
there is a graded recovery of the ability te respond to stimulation. It 
takes about forty seconds on average for a vesicle that has just sup- 


ported transmitter release to become available once again. During 
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Figure 7. Localized stimulation of exocytosis. Puffer pipette was directed at the 
center of bouton 1, whose fluorescence tell markedly; whereas signal at bouton 
2 remained essentially unchanged even after 590 trials of stimulation. Numbers 
correspond to specific time points ts given below. The cumulative number of 
synapi.c current events (bottom graph) parallels the destaining of bouton 1 


this time, the vesicle must pinch off from the surface membrane, re- 
gain its fill of neurowansmitter and any other necessary cargo, and 
rejoin the vesicles near the surface membrane once again. The 
number of synaptic events that can be detected over the course of 
depletion of the vesicular pool is about ninety on average. This is 
only a ballpark estimate, but it fits reasonably well with morpholog- 
ical counts of the number of vesicles in typical nerve terminals. 


Variability of Individual Synaptic Responses 


In the world of mass communication within the brain, the 
variability of the occurrence and strength of synaptic transmission is 
a serious issue. Variability is important because it sets limits on how 
reliably information can be transferred from one neuron to another. 
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(a) Declining response to repetitive stimuli, Puttor application repeated once ever 
; i | 


2 seconds 


(bh) Responses per trial plotted against ume. showing that after such a decline, an 
~5-minute rest period was sufficient to restore the response to repetitive stimulation 
to its orginal amplitude 


(¢) Gradual recovery of responsiveness following complete depletion of vesicular 
pool in an individual bouton. Shown are averaged responses (n=3) tollowing 
recovery interv) 's of 0.5, |, 2. and 4 minutes 


(d) Pooied data for recovery kinetics in muluple runs from each of three individual 
boutons. The time course of recovery was determined by plotting the ratio of the 
response area after a variable rest period CA) to that after a 4-muinute rest period 
(A... Single exponential fit (t, = 408). (From G. Liu and R. W. Tsien.) 


Biological limitations on the reliability of synaptic transmission can 
take the form of transmission failures (the nerve impulse arrives, 
but no vesicle is released). Imagine running a laboratory or a con- 
gressional office where only half of the messages—letiers, faxes, 
phone calls—were successfully received. Even when neurotransmit- 
ter release is successful, the responses to iransmitter release from 
single vesicles appear to be highly variable in their electrical size. 
We have examined the causes of this variability in response 
size by microstimulation of single nerve terminals. The variability 
persists even if we consider only those events arising from stimula- 
tion of the same individual synaptic bouton. A sizable percentage 
of responses are manyfold smaller than the largest responses. This 
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Figure 9. Comparison of single bouton responses stimulated at multiple locations 
on the same postsynaptic neuron 
(A) Positions of three sites of single bouton stimulation. 


(B) Examples of records of synaptic recordings arising from stimulation of a single 
houton. Note the wide variation in the amplitude of responses. 


(C) Corresponding amplitude histograms of EPSCs evoked at the three sites. Note 
the similarity in the median amplitudes (vertical arrows) 36.5, 39.1, and 31.2 pA 
tor boutons 1, 2, and 4 respectively. 


(D) Data from pairs of boutons in five cells, and three boutons in two cells 

le... (A), CB) Note the strong correlation between values of the median EPSC size 
at different sites on a given cell in the face of the lange variation among different 
cells. (From G. Liu and R. W. Tsien.) 


lack of consistency raises questions about how reliable information 
transfer can be at the level of single synapses. The good news 
came when we considered multiple synapses onto the same _ post- 
synaptic cell. Here we found that the average size of the response 
showed great consistency from one synapse to the next. If the aver- 
age response was small at one synapse onto a cell, it was small for 
other synapses as well (figure 9). This indicates a kind of democ- 
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racy in the sense that the average weight of input from individual 
synapses Over time counts about the same. No segment of the post- 
synaptic neuron’s constituency would be systematically neglected. 

This homogeneity among synapses onto single neurons was 
remarkable, given that we found a fourfold variation in the average 
size of the synaptic events on different cells. The variation could be 
seen from one neuron to another in the same culture dish. Evi- 
dently, cells are able to control the average response size and have 
much latitude to do so. How was the wide variability across differ- 
ent neurons generited? We set out to find whether there was a dif- 
ference in the behavior of postsynaptic receptors at individual 
synaptic sites. Minute puffs of solution containing the neurotrans- 
mitter (glutamate) were directly applied at synaptic locations la- 
beled by the FM1~-43 dye. Responses to the applied glutamate were 
always somewhat bigger than the synaptic signals at the same 
synapse, but the larger the glutamate response, the larger the 
synaptic signal. Thus, neuron-to-neuron variation was explained by 
the behavior of postsynaptic receptors at individual synaptic sites. 
Our most recent studies have focused on the mechanism of the 
adaptation. In all likelihood, the different response sizes are gener- 
ated by different types of glutamate receptors, as indicated by dif- 
ferences in their physiological properties, particularly their rate of 
desensitization (the fading of responsiveness during a long-lasting 
application of neurotransmitter). 


Significance of Plasticity in Postsynaptic Responses 


What is the biological significance of the variation in post- 
synaptic responsiveness’? Early in his experiments, Liu noticed a 
strong inverse correlation between the average response size and 
the density of synapses. A cell with sparse innervation by presynap- 
tic terminals, indicated by staining with the FM1—43 dye, had a 
large average synaptic response, whereas a cell with a large density 
of synapses had a small synaptic response. We suggest that the 
postsynaptic neuron may be regulating the expression of glutamate 
receptors to compensate for the amount of synaptic stimulation it 
receives. Cells that receive a small number of inputs can afford to 
give each of them a strong weight, but as the density of synapses 
increases, they turn down the “volume control” on the individual 
inputs. This kind of compensation would keep the overall input 
within reasonable bounds, avoiding a state of perpetual excitation. 
Continued excitation is worth averting since it would nullify the 
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Figure 10. Rationale behind use of antibody uptake to delineate changes in the 
degree of synaptic activity. Vesicles within a nerve terminal are allowed to take up 
antibody molecules directed against a region of the abundant synaptic vesicle 
protein synaptotagmun (syt) that protrudes into the vesicle intenor 


(eft) Uptake of a goat anti-syt antibody dunng penod 1 yields a green color when 
later counterstained with a secondary anti-goat antibody that is fluorescein-labeled 


(night) Uptake of a rabbit antibody dunng penod 2 yields a red color when later 
exposed to a chodamuine-labeled anti-rabbit antibody. If synaptic activity remains 
unchanged during penod 2 relative to period |, the uptake of red-stained rabbit 
antibody should match the uptake of green-stained goat antibody, all other factors 
being equal. A very different ratio of red to green would be expected if there was 
synaptic potentiation during period 2 relative to period 1. (Concepts developed in a 
study by A. Malgaroli, A. E. Ting. B. Wendland, A. Bergamaschi, A. Villa, R. W. Tsien, 
and R. H. Scheller. 1995. Presynapic comporent of long-term potentiation visualized 
at individual hippocampal synapses. Science 208: 1624-28.) 


cell's usefulness as a decision-making device and almost certainly 
would result in massive entry of calcium and eventual cell death. 
Beyond the implications for synaptic signal processing, in- 
sights about adaptive changes in the strength of individual synapses 
raise interesting questions about cellular mechanisms. Somehow the 
neuron must be informed about its density of innervation so that it 
may regulate the properties of its postsynaptic receptor clusters. 
This must involve changes in the pattern of expression of key 
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genes. A challenge for the future is to understand signaling be- 
tween synapses and gene expression at the nucleus. Such signaling 
must have broad impact on the fundamental behavior of neurons 
including thei resting membrane propetues and spike-finng capa- 
bilities, as well as their synaptic responsiveness 


Visualizing Synaptic Plasticity 
of Individual Synaptic Boutons 

One central question in the field of synaptic plasticity is how 
synapses change their activity over penods of hours or longe: 
Those of us in this field are continually challenged by how to take 
Studies of synapuc plasucity to the level of individual synapses. and 
how to distinguish unambiguously presynaptic and postsynaptic 
changes in svnapuc function. One approach. whereby single presy- 
naptx terminals are visually marked according to thei level of ac- 
uvity. has heen developed in a very truntul collaborauon between 
Anton Malgarol and his colleagues at the University of Musn. and 
Anthony Ting. Richard Scheller. and myself in our depanment 

Our strategy depended upon the same transient connection 
hetween the vesicle intenor and external medium that formed the 
hasis of the fluorescent FM1—-43 dve method (figure 10). To obtain a 
permanent record that vesicular exocytosis had occurred, we used 
a cell nological tag that indelibly labels the vesicle intenor (a litte 
like those permanent marker pens that always seem to leak in 
ones shunt pockets). rather than one that washes out Changes in 
the level of svnaptx actnity Were registered by use of two different 
Stains: one stan for a baseline penod Coolored green im figure WA) 
and another stain tor a subsequent test penod ¢oolored red) 

The tags that we actually use are two antibodies, both spe- 
cific for the abundant svnaptic vescle protem svnaptotagmun (syt) 
or more accurately, a specific region of synaptotagmin that pro- 
trudes into the vesicle intenor A goat anti-syt antibody vields a 
green color when later counterstained with a secondan anti-goat 
antibody that is fluorescein-labeled. whue a rabbit anubody vields a 
red color when later counters with « rhodamuine-labeled ant- 
rabba antibody. The rapo of red to green stain is an index of the 
relauve amount of svnapoc vesicke evcling im the test and control 
penods. If, as it turns out. the two types of staining are about 
equally effiaent. the rao of red to green should be near one for 
nerve terminals whose activity remains constant (upper row), and 
greater than one for the terminals that undergo a significant in- 
cTease in synaptic activity (lower row) 


Richard WU. Tsien 


Figure 11. \ tsualizanon of the enhancement of vesicular tumower at individual boutons 


ket panels) Localized uptake of goat antibody. dunng |-hour control pends 
mo different expenments 
inght panels) | ptake of rabba anthod dunng subsequent Ihour test pono 
hap neh) After sham intencntamn 
iadttom night) After Chemmcal stemulus to mduce sustancd potentiation CLTP ) 


Control experiments demonstrated that the two kinds of 
marking work independently of cach other. This makes sense be- 
cause each vesicle contains many copies of synaptotagmin, so that 
the protein domains that interact with antibody are far trom fully 
occupied by either antibody. Changes in presynaptic function 
caused by well-known maneuvers produced an appropriate change 
in the red green ratio. Thus, we were able to show that long-lasting 
changes in the strength of synaptic transmission can be associated 
in an unambiguous way with an increas. in presynaptic vesicular 
turnover. As a result of a form of synaptic long-term potentiation 
evoked by application of the neurotiansmitter glutamate, the 
red green ratio was increased by something between two- and 
threefold (figure 11). This confirms previous evidence that presy 
naplx function is enhanced during long-lasting forms of potentia- 
hon of synaptic transmission between hippocampal neurons 

The main advantage of this cell biological method is that the 
properties of the presynaptic terminals are assessed directly, without 
recourse to the responses of the postsynaptic cell, whose interpreta- 
tion is often Open to question. Another attraction of this approach is 
that potentiation can be studied one synaptic terminal at a time 
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Conclusions 

One very exciting aspect of the research endeavor m the 
Decade of the Brain ss the area whete neuroscience meets cell bacl- 
wy. The abilav to study mdnidual visualizable «~ hapscs one ul 
ume m neurons m cuhure opens up new possibilities for appiving 
techniques aft cell nology and cell phivsx hogy that are currently dit- 
houl—at nat ompossible—in the intact brain of even m thin slices of 
brain ussuc. | have dlustrated ths wah two sets of expenments that 
delineate basic properties of single excitatory synapses between hip- 
pacampal neurons and demonstrate changes mm presynaptic Vesicu- 
lar turnover at individual terminals. It is to be hoped that 
hottom-up” studies of the molecular and cellular properies of 
svnapses will complement the “top-down” approaches of svstemas 
neuroscaentiss. We can onh cApPe ct that fundamental know ledge 
about svnapuc capabilies at cellular and molecular levels will prowe 


Wy Wlant tor dex IPHe TIN hema the frum functeonms as ua whole 


Richard U Tsien 
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